NoRie T B R T IS S O R

e e T e e e
B e R Y N R i

The results of these recent U.S. and Canadian cohort studies demonstrate a consistent, positive

association between long-term PM, s exposure and mortality across various spatial extents, exposure

assessment metrics, statistical techniques, and locations, including those where mean annual average

concentrations are below <12 pg/m?®. Recent cohort studies in the U.S. observed increases in total

mortality and mortality due to cardiovascular disease in separate cohorts of men and women. Additional

cohort studies conducted in Europe observed similarly consistent, positive associations between long-

term PM s exposure and mortality (see Table 11-6), and support the evidence from the U.S. and Canada.

Particularly noteworthy is a study conducted in Europe that combined data from 22 existing cohort

studies and evaluated the association between long-term PM- s exposure and total (nonaccidental) (Beelen

mortality. Including participants from 13 European countries, the authors applied a common statistical

protocol to data from each of the 22 cohorts in the first stage of the analysis and combined the

cohort-specific effects in a second stage. The authors observed a positive association between long-term
PM, s exposure and total (nonaccidental) mortality (HR: 1.07, 95% CI11.02, 1.13) (Beelen et al., 2014a),
but the associations for cardiovascular and respiratory mortality were near the null value, except for the
subset of cardiovascular deaths attributable to cerebrovascular disease (HR: 1.21, 95% CI: 0.87, 1.69)

(Beelen et al., 2014b).

Table 11-6 European epidemiologic studies of long-term exposure to PM2s and

mortality.
Exposure Mean SD

Study Study Population Assessment in pg/m® Copollutant Examination
1Beelen etal. (2014a) ESCAPE: LUR; model validation Mean: Correlation (r):
Multicity; Europe 367,251 participants; R2=0.57-0.89 6.6-31.0 PMio-25 0.11-0.90
PM2s: 2008-2011 5,118,039 NO2 0.17-0.88

) person-years of
Follgw—up. 1985_.2007 follow-up; 29,076 Copollutant models with:
(variable, depending . e copollutant models limited to
on cohort) cohorts for which pollutant
Pooled Cohort Study correlation was <0.7
TBeelen et al. (2014b) ESCAPE: LUR; model validation Mean: Correlation (r): NA
Multicity; Europe 22 cohorts from  R?=0.57-0.89 6.6-31.0  copollutant models with: NA
PMas: 2008-2011 13 European countries
Follow-up: 1985-2007 367,383 participants;
(variable, depending ~ ©:119,317 person-
on cohort) years of follow-up;
9,994 deaths due to

Pooled Cohort Study VD
TBeelen etal (2009) NLCS: Interpolation of NA Correlation (r): NA

Multicity; Netherlands
PM2s: 1987-1996

Follow-up: 1987-1996

1,117,528 participants;
6,137 CVD deaths

measurements from
national fixed-site
monitoring network

Copollutant models with: NA
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Table 11-6 (Continued): European epidemiologic studies of long term exposure to
PM:zs and mortality.

Exposure Mean SD
Study Study Population Assessment in pg/m3 Copollutant Examination
TBentayeb et al. Gazel cohort: CHIMERE chemical Mean: Correlation (r): NA

2015 20,327 participants tranqurt model (2 km 15.0 Copollutant models with
Multicity, France 1,967 deaths resolution) Copollutant models conducted
PM2s: 1989-2008 with correlation between
Follow-up: 1989-2013 pollutants was <0.7 (Os,
Cohort Study benzene).
tCarey et al. (2013) National English Dispersion model, Mean: Correlation (r):
Multicity; England Cohort: 1 km grid cells; model 12.9 PMio: 0.99
PMas 2002 835,607 patients ages validation SOy 0.46

' . 40-89; 83,103 deaths R?= 0.23-0.71 25
Follow-up: 2003-2007 NO2 0.85
Cohort Study O3 -0.39

Copollutant models with: SOx,
Os

tde Keijzer et al. Mortality data from CALIOPE Air Quality  Mean: Correlation (r):
(2016) 2,148 small areas Forecasting System 8.22 PMo: 0.91
Multicity; Spain covering Spain (combines NO2: 0.55
PMas: 2009-2013 meteorological, 0Os3: 0.33

' : _ emissions, chemical Copollutant models with: NA
FoIIow—.up. 2009-2013 transport and P
Ecologic Study atmospheric mineral

dust models)

tDehbi et al. (2016) Combines data from Exposure data same  Median:  Correlation (r):
Multicity: UK two British cohorts: as used in ESCAPE 9.90 NO2: 0.83
PMos 2010-2011 Medical Research Cohort; see Beelen et NOx: 0.82

' ) ~ Council National al. (2014a) PMao: 0.60
Follow-up: 1989-2015 Survey of Health and PMio-25: 0.35

Pooled Cohort Study

Development

(4,400 participants
born in March 1946)
and Southall and
Brent Revisited study
(3,129 tri-ethnic men
and women recruited
1989-1991)

Copollutant models with: NA

TDimakopoulou et al.

ESCAPE:

LUR; model validation Mean:

Correlation (r): NA

2014 16 cohorts from _ R?=0.57-0.89 7.1-31.0 Copollutant models with: NA
Multicity; Europe 11 European countries

PM2s: 2008-2011 307,553 participants;

Follow-up: 1985-2007 1,959 deaths due to

(variable, depending ~ nonmalignant

on cohort) respiratory disease

Pooled Cohort Study

Maess et al. (2007) Oslo Cohort: AirQUIS dispersion Mean: 15 Correlation (r):

Oslo, Norway 143,842 individuals model; model NOq2: r> 0.88

PMz_;: 1992-1995 ages 51-90 validation (r = 0.57 PMio: r>0.88

Follow-up: 1992-1998
Cohort Study

[summen)], -0.79
[winter]) reported in
Oftedal et al. (2009)

Copollutant models with: NA
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Table 11-6 (Continued): European epidemiologic studies of long term exposure to
PM:zs and mortality.

Exposure Mean SD
Study Study Population Assessment in pg/m3 Copollutant Examination

TTonne et al. (2015) MINAP: KCLurban dispersion  Mean: Correlation (r):
London' UK. 18,138 participants model, see Beevers et 14.6 NO2: 0.71
PMss: 2’003_2010 with hospital al. (2013) for details NOx: 0.73

o admissions between Os: -0.82
Follow-up: 2003-2010  5403_2007; PMio: 0.96
Cohort Study 5,129 deaths PMio-25. 0.70

Copollutant models with: NA

NR = not available; km = kilometer; LUR = land use regression; CVD = cardiovascular disease; ESCAPE = European Study of
Cohorts for Air Pollution Effects; NLCS = Netherlands Cohort Study on Diet and Cancer; MINAP = Myocardial Ischaemia National
Audit Project.

TStudies published since the 2008 PM IBA,

11.2.2.3 Cardiovascular Mortality

Overall, the results of the recent U.S. and Canadian cohort studies demonstrate a consistent,
positive association between long-term PM, 5 exposure and cardiovascular mortality across various spatial
extents, exposure assessment techniques, and statistical techniques, and locations, including those where
mean annual average concentrations are <12 pug/m®. Additional cohort studies conducted in Europe
observed similarly consistent, positive associations between long-term PM, s exposure and cardiovascular
mortality (see Table 11-6), and support the evidence from the U.S. and Canada. However, a study
conducted in Europe that combined data from 22 existing cohort studies and evaluated the association
between long-term PM: s exposure and cardiovascular mortality (Beglen et al., 2014b) reported

associations near the null value, except for the subset of cardiovascular deaths attributable to
cerebrovascular discase (HR: 1.21, 95% CI: 0.87, 1.69). More detailed results of long-term PM: s

exposure and cardiovascular mortality are included in Section 6.3.9.

11.2.2.4 Respiratory Mortality

Overall, the results of these recent U.S. cohort studies demonstrate a generally consistent, positive
association between long-term PM, s exposure and respiratory mortality, though the results from the two
Canadian studies are inconsistent. In addition, a study conducted in Europe that pooled data from
22 existing cohort studies and evaluated the association between long-term PM. s exposure and
gt al., 2014). Overall, the associations for respiratory mortality were generally positive, though some
inconsistencies among the results from different analyses of the same cohort provide some uncertainty in
the stability of these results [Ostro et al. (2010) and Ostro et al. (2015); Crouse et al. {2015) and Pinault et
al. (2016}]. Recent studies have evaluated the association between long-term PMz s exposure and COPD
mortality, a cause of death for which there has previously been little examination. These studies report
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1 modest positive associations with COPD mortality and the hazard ratios are generally less precise
2 (ie., wider 95% confidence intervals) than those for respiratory mortality. More detailed results of
3 long-term PM- s exposure and cardiovascular mortality are included in Section 3.2.10.

11.2.2.5 Causal Inference Studies

Recently, several studies have explored the use of causal inference methods (i.¢., quantitative
methods and/or study design attributes) to specifically inform the causal nature of the relationship
between long-term PM: s exposure and mortality. A recent study employed a difference-in-difference

approach as a quantitative causal inference method to examine the relationship between long-term PM s

exposure and mortality in New Jersey (Wang et al.. 2016). PM» s concentrations were estimated at the

NeRie S A

census tract level using similar exposure assessment techniques as those used by Shi et al. (2013),

10 discussed previously. The difference-in-difference method controls for geographical differences using

11  dummy variables for each tract, long-term temporal trends using dummy variables for each year, and

12 temperature, which is both correlated with PM: 5 and can vary differentially over space and time. Wang et
13 al. (2016) observed a positive relationship between long-term exposure to PMs 5 and total (nonaccidental)
14  mortality (RR: 1.08; 95% CI: 1.01, 1.15). Cox and Popken (2015) conducted an ecologic, county-level,

15 repeated-measures analysis to evaluate the changes in PM, 5 concentrations from 2000 to 2010 in 15 large

16  U.S. states, and the association with age-specific mortality rates for older adults (65+ vears) over the same
17 period. The authors observed positive correlations between county-level PMs s concentrations and

18  county-level mortality rates for total (nonaccidental) and cardiovascular mortality, but not for

19  external-cause mortality (¢.g., accidents), a negative control. The authors applied several quantitative

20 methods to inform causal inference (¢.g., Granger tests), and observed effects in 6—7% of counties studied
21 (Cox and Popken, 2015). Inference from this study is limited by a lack of individual-level data; it is an

22 ecologic study relving on county-level mortality rates, with no control for potential confounders other
23 than age, making it difficult to adequately interpret the results. Overall, the results of these causal

24 inference studies contribute to the body of epidemiologic evidence that informs the causal relationship
25 between long-term PM- s exposure and total mortality. Observing consistent results for this relationship
26 across studies using different analytic techniques (i.¢., difference-in-difference approach) increases our
27  confidence in the relationship.

11.2.2.6 Studies of Temporal Trends and Life Expectancy

28 A recent series of studies has added to the body of evidence on the relationship between
29  long-term exposure to PM; s and mortality by examining the temporal trends in PMs s concentrations and
30 changes in life expectancy, testing the hypothesis that decreases in PM: s concentrations would be

31  associated with increases in life expectancy. Pope et al. (2009) used air quality data in a cross-sectional

32 analysis from 51 metropolitan areas across the U.S., beginning in the 1970s through the early 2000s, to
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34

demonstrate that a 10 ug/m® decrease in long-term PM; s concentration was associated with a 0.61-year
increase in life expectancy. In a subsequent analysis, these authors extended the period of analysis to
include 2000 to 2007 (Correia et al., 2013). While the decline in concentrations of PMa s was slower for

the 2000 to 2007 period, compared to the period from 1980 to 2000, a decrease in long-term PM s

concentration continued to be associated with an increase in life expectancy, though the magnitude of the
increase was smaller than in the previous analysis and the earlier time period (10 pug/m? decrease in
long-term PM, s concentration was associated with a 0.35-year increase in life expectancy). It is
noteworthy that, by 2007, 48 of the 545 counties included in the study were not in compliance with the
NAAQS (at that time, the annual standard was 15 pg/m?). The mean concentration across all counties was
13.2 pg/m’ in 2000, and decreased to 11.6 pug/m’ by 2007. Using a doubly robust additive hazards model,
Wang et al. (2017a) calculated that a 1 pg/m® decrease in the annual concentration of PM; s would prevent

about 5,400 premature deaths among the 13.1 million Medicare beneficiaries in seven southeastern states
analyvzed m Wang et al. (2017b). In an analysis conducted in Spain, de Keijzer et al. (2016} focused on

the years of life lost associated with an increase in PMa s rather than the life expectancy gain associated
with a decrease in PMss. They observed 0.64 (95% CI 0.39, 0.70) years of life lost for every 2 ug/m’

mcrease in PMs 5. Evaluating life expectancy in a different manner, Baccarelli et al. {2016) conducted an

ecologic study to investigate whether or not there was an association between county-level PMs s
concentrations and the proportion of 55-64 and 70- to 74-year-olds that survived for an additional

30 years. They started with the numbers of 55—64 and 70- to 74-year-olds in 3,034 U.S. counties in 1980
and compared it with the numbers of 85-94 and 100- to 104-year-olds in 2010 in each county, using
county-level PM; 5 estimated from a hybrid of LUR and BME and averaged from 1999-2008. They
observed that counties with higher estimated PM. 5 concentrations were associated with a lower

proportion of adults reaching age 85 years or more.

11.2.3 Potential Copollutant Confounding of the PMz.s-Mortality
Relationship

In the examination of potential confounding effects of copollutants on the relationship between
long-term PM. 5 exposure and mortality, it is informative to evaluate whether PMa 5 risk estimates are
changed in copollutant models. Recent studies have examined the potential for copollutant confounding
by evaluating copollutant models that include Oz (Figure 11-20), NO,, PMio= 5, SO, and benzene (Figure

11-21). These recent studies address a previously identified data gap by informing the extent to which
effects associated with exposure to PMs s are independent of co-exposure to correlated copollutants in
long-term analyses.

The results for associations between long-term PM; 5 exposure and mortality in single pollutant
models and copollutant models adjusted for O; are shown in Figure 11-20. The correlations between
PM. s and O3 exposures in the studies that conducted copollutant analyses were generally positive and

moderate to strong, ranging from r = 0.49 to 0.73, except for two studies which reported a weak-to-
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moderate negative correlation [ = —0.38; (Bentaveb et al., 2015y and r =-0.24; (Diectal.. 2017¢)].
Generally, the PM: s effect estimates remained relatively unchanged in copollutant models adjusted for
O;. The trend persisted for total (nonaccidental) mortality, as well as mortality due to cardiovascular or
respiratory disease. There were several exceptions to the trend. The effect of long-term PMa: s exposure on
CHD mortality among women in the AHSMOG cohort (Chen et al., 2003) increased after adjusting for Oz

in the model. Conversely, the effect of long-term PM; s exposure on respiratory mortality in the ACS

cohort (Jerrett et al., 2009) decreased (and changed from positive to negative) after adjusting for O in the

model.

The results for associations between long-term PM: s exposure and mortality in single pollutant
models and copollutant models adjusted for NO», PMis-25, SO», or benzene are shown in Figure 11-21,
The correlations between PM» s and NO, exposures in studies that conducted copollutant analyses were
positive and weak (» = 0.25) or moderate ( = 0.40; r = 0.55). The correlations between PM» s and PMio-25

were not reported in one study (Puett et al.. 2009), and in another meta-analysis, the copollutant analyses

were limited to cohorts that reported a correlation of » < 0.7. One study evaluated SO (Chen ¢t al., 2003)

and another benzene (Bentaveb et al., 2015) in copollutant models, and reported correlations of r = 0.30

and » = 0.66, respectively. Generally, the PM; 5 effect estimates remained relatively unchanged in

copollutant models adjusted for NO,, PMio 25, SO-, or benzene.
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Reference Cohort Correlation with PM2.5
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Hazard Ratio (85% Confidence Interval}

ACS = American Cancer Scciety Cohort; CanCHEC = Canadian Census Health and Environment Cohort; CVD = cardiovascular
disease; NIH-AARP = National Institutes of Health American Association of Retired Persons Diet & Health Cohort; NR = not
reported.

Note: 1Studies published since the 2009 PM ISA. Associations are presented per 5 pg/m® increase in pollutant concentration.
Circles represent point estimates; horizontal lines represent 95% confidence intervals for PM,s. Closed circles represent effect of
PM, ;s in single pollutant models, open circles represent effect of PM, 5 adjusted for O,.

Corresponding quantitative results reported in Supplemental Table S11-7 (U.5. EPA, 2018b).

Figure 11-20  Associations between long-term exposure to PM2.s and mortality
in single pollutant models and models adjusted for Os.
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Correlation
Reference Cohort with PM2.5

TCrouse et al 2015 CanCHEQ |® NO2 All-Cause
r=0.40 ; e
TJerrett et al 2013 ACS - Califomia E@
r=0.55 -:O-
tReelen etal 2014 ESCAPE E—@—
r<(3.7* -E—O—
tReelen etal 2014 ESCAPE E—E— PM10-2.5
r<(3.7* E—D—
TPuett et al 2008 Nurses Health Study E—E—
MR E—D—
TBertayeb et al 2015 Gazel —E—o— Benzene
r=0.66 —E-<>—
TCrouse et al 2015 CanCHEQ E@ NO2 CvD
r=0.40 E o
TJerrett et al 2013 ACS - Califomia E-@-
r=0.55 -E-O—
TCrouse gt al 2015 CanCHEQ @E NO2 Respiratory
r=0.40 {:}
TJerrett et al 2013 ACS - Califomia —E—@—
r=0.55 —E—O—
! .
i i I
0.8 1 1.4 1.8 22

Hazard Ratio (95% Confidence Interval)

Note: {Studies published since the 2008 PM ISA. Associations are presented per 5 g/m? increase in pollutant concentration.
Circles, squares, triangles and diamonds represent point estimates; horizontal lines represent 95% confidence intervals for PMas.
Filled symbols represent effect of PM, 5 in single pollutant models, open circles represent effect of PM, s adjusted for NO;; open
squares represent effect of PM, s adjusted for PMig-25, open triangles represent effect of PM, s adjusted for SO,; open diamonds
represent effect of PM, s adjusted for benzene. *includes cohorts from meta-analysis where the correlation was less than 0.7.

ACS = American Cancer Society Cohort; CanCHEC = Canadian Census Health and Environment Cohort; CVD = cardiovascular
disease; NR = not reported.

Corresponding quantitative results reported in Supplemental Table S11-8 (U.8. EPA, 2018b).

Figure 11-21  Long-term exposure to PM2s and mortality in single pollutant
models and models adjusted for other pollutants.
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11.2.4 Evaluation of the PM2.s5-Mortality Concentration-Response
Relationship

An important consideration in characterizing the association between long-term PM- s exposure
and mortality is whether the concentration-response relationship is linear across the full concentration
range that is encountered, or if there are concentration ranges where there are departures from lingarity.
The 2009 PM ISA characterized the results of an analysis by Schwartz et al. (2008) that demonstrated that
the shape of the concentration-response curve was generally linear.

A number of recent studies have conducted analyses to inform the shape of the
concentration-response relationship for the association between long-term exposure to PM, s and
mortality, and are summarized in Table 11-7. Generally, the results of these analyses continue to support
a linear, no-threshold relationship for total (nonaccidental) mortality, especially at lower ambient
concentrations of PMa s (i.e., <12 pg/m®). Lepeule et al. (2012), Di etal. (2017¢) and Shi et al. (2015)

observed linear, no-threshold concentration-response relationships for total (nonaccidental) mortality,

22). Similar linear, no-threshold concentration-response curves were observed for total (nonaccidental)
mortality in other studies (Chen et al ., 2016; Hart et al., 2015, Thurston et al., 2015; Cesaroni et al.
2013). Pinault et al. (2016} demonstrated that though the relationship was not statistically different than

linear across the range of PM; s concentrations observed in the study, the slope of the line tended to be

that the best fit for the long-term PM- 5 exposure—total (nonaccidental) mortality relationship was in a
threshold model with a threshold at 11 ug/m? (Figure 11-23). In addition, there is emerging evidence for a

nonlinear concentration-response function for some causes of death (Section 6.3.9.2).
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Table 11-7 Summary of studies examining the concentration-response
relationship or conduction threshold analyses for long-term
exposure to PM2s and total (nonaccidental) mortality.

Study
Location—Cohort
Table/Figure from

Reference

Exposure PMas
Mean;
Range in yg/m?®

Statistical Analysis Summary

TBeelen et al. (2014a)

Europe-ESCAPE
(Table 5; Figure on
appendix pg. 51)

LUR
NR; (6.6-31.0)

Cut-point Analysis—include only participants with exposure
estimates below prespecified thresholds (25, 20, 15, 10 ug/md).
Studied shape of association for each cohort by inputting
exposure term as natural cubic spline.

HRs remained positive and statistically significant when only
participants with exposure concentrations below 25 and 20 pg/m?>
were included. Below 15 pg/m® HRs were elevated but less
precise (i.e., wider 95% confidence intervals). Results of spline
model show no deviation from linear relationship.

tCesaroni et al. (2013)

ltaly-RolLS
(Figure 2B)

Eulerian Dispersion
Model (1 x 1 km)

23.0; (7.2-32.1)

Natural splines with 2, 3, or 4 df; compared goodness of fit using
BIC and likelihood ratio test

No evidence of deviation from linearity. Results similar for 2, 3 or
4 degrees of freedom

TChen et al. (2016)

Canada—-EFFECT
(Figure 2)

Satellite-based
methods (10 x 10 km)

10.7; (1.2-18.0)

Natural splines with 2, 3, or 4 df, compared goodness of fit using
AIC. Comparisons made with 2.2 ug/m>

No evidence for departure from linearity

tCrouse et al. (2012)

Canada—CanCHEC
(Figure 2A-D)

Fixed-site monitors in
11 cities;
Satellite-based
methods (10 x 10 km)
11.2; (1.9-19.2)

Natural splines with 2, 3, or 4 df, compared goodness of fit using
BIC. Log function of PMas (InfPMzs + 1]} yielded lower BIC than
each of the spline models

No evidence for departure from linearity. Natural spline model
with 4 df had best model fit based on BIC

tCrouse et al. (2015)

Canada—CanCHEC
(Figures S3a)

Satellite-based
methods (at postal
code)

8.9; (1-18)

Restricted cubic spline functions with 2 df

Natural spline fit was superior to linear model. Natural spline fit is
supralinear (i.e., larger changes in risk for low concentrations
compared to higher values)

1Dietal (2017¢)
U.8.-Medicare

(Figure 3, panel A)

Hybrid satellite-based
methods, LUR,
monitor; 1 x 1 km
11.5; (6.2-15.64
[6th—95th percentiles])

Examined potential of non-linear effects using a series of
thin-plate splines and meta-smoothing

Nearly linear with no signal of threshold down to 5 pg/m?
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Table 11-7(Continued): Summary of studies examining the concentration-
response relationship or conduction threshold analyses
for long-term exposure to PMzs and total (nonaccidental)

mortality.

Study
Location—Cohort
Table/Figure from

Reference

Exposure PMazs
Mean;
Range in pyg/m®

Statistical Analysis Summary

THart et al. (2015

U.8.-Nurses’ Health
Study

(Figures 1 and 2)

Spatio-temporal
model; nearest
monitor

12.0; (NR)

Comparison of mortality rates for a given PM2s concentration
(based on prediction from spatio-temporal model [Figure 1] or
nearest monitor [Figure 2])

Linear relationship for both spatio-temporal model and nearest
monitor; Linear relationship for both uncorrected and
measurement error-corrected mortality rates, slope steeper for
measurement error-corrected exposure compared to uncorrected

TLepeule et al. (2012)

U.8.-HSC
(Suppl. Figure 1)

Fixed-site monitor
15.9; (11.4-23.6)

Penalized spline models

Linear relationship with exposures down to 8 pg/m®. No evidence
of a threshold. Highest confidence from 10-20 pg/m® based on
greatest data density

TPinault et al. (2016)

Canada-CCHS
(Figure 2)

Hybrid satellite-based
methods, LUR,
monitor

1x1km

6.3; (0-13)

C-R: R package—'SmoothHR”; combination of AIC and BIC to
determine optimal df, Threshold Analysis: newly defined
exposure variables based on concentration corresponding to the
largest log-likelihood value from the Cox model

Linear relationship from 1.0-7.0 ug/m?; slope is attenuated
between 7.0 and 13.0 pg/m?3, Threshold concentration: 0 pg/m?
(upper 95% Cl 4.5 ug/m®)

TShietal (2015)

U.S.~Medicare
(Figure 3a)

Hybrid satellite-based
methods, LUR,
monitor; 1 x 1 km
8.12; (0.08, 20.22)

Penalized spline model (1.7 df) restricted to annual exposures
<10 pg/me®

Linear relationship with evidence of an attenuated slope at
concentrations <6 ug/md

TThurston et al. (2015)

U.8.-NIH-AARP
(Figure 2)

Hybrid LUR
geo-statistical model
12.2

(2.9-28.0)

Natural spline plots with 4 df (Referent HR = 1.0 at mean
exposure level)

Observed linear relationship

TVilleneuve et al. (2015)

Canada—CNBSS
(Figure 3)

Satellite-based
methods (10 x 10 km)
9.1, (0.1-20.0)

C-R: Natural cubic spline functions with 3 df; Threshold analysis:
newly defined exposure variables based on concentration
corresponding to the largest log-likelihood value from the Cox
model

Non-linear V-shaped curve; Threshold analysis: best fitting
model for a threshold at 11 ug/m?
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Table 11-7(Continued): Summary of studies examining the concentration-
response relationship or conduction threshold analyses
for long-term exposure to PMzs and total (nonaccidental)

mortality.
Study
Location—Cohort Exposure PMazs
Table/Figure from Mean;
Reference Range in pyg/m® Statistical Analysis Summary

TWeong et al. (2015) Satellite-based Natural spline model (df not reported).
Hong Kong-Elderly methods (10 x 10 km)
Health Center 35; (27-49) . . . .
(Figure 3) Observed linear relationship, greatest certainty between 32 and

35 ug/m?®

AlIC = Akaike Information Criterion; BIC = Bayesian information criterion; CanCHEC = Canadian Census Health and Environment
Ccohort; CCHS = Canadian Community Health Survey; CNBSS = Canadian National Breast Screening Study; df = degrees of
freedom; EFFECT = Enhanced Feedback For Effective Cardiac Treatment; ESCAPE = European Study of Cohorts for Air Pollution
Effects; HSC = Harvard Six Cities study; km = kilometer; LUR = land use regression; NIH-AARP = National institutes of Health
American Association of Retired Persons Diet & Health Cohort; NR = not reported; RoLS = Rome Longitudinal Study.

Totudies published since the 2008 P {SA.
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Figure 11-22 Examples of concentration-response relationships between
long-term PM2s exposure and total (nonaccidental) or all-cause
mortality in (A) the Harvard Six Cities Study using penalized
splines (1974-2009); (B) long-term time-series study; (C) the
Medicare Cohort using thin-plate spines.
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Source: Permission pending, Panel A Pinault et al. (2016); Panel B Crouse et al. (2015); Panel C Villeneuve et al. (2015).

Figure 11-23 Examples of concentration-response relationships between
long-term PM2s exposure and total (nonaccidental) mortality in
(A) nonparametric estimates; (B) in the CanCHEC cohort study;
(C) the Canadian National Breast Screening Study.
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Rather than using splines to model the concentration-response relationship across a continuous

range of PM: s concentrations, Beelen et al. (2014a) conducted a cut-point analysis estimating the risk of

long-term PM. s exposure on total (nonaccidental) mortality when only participants with assigned PMa s
concentrations below 25, 20, 15, and 10 pg/m® were included in the model. The effect estimate was
relatively unchanged when only participants with concentrations below 235 and 20 pg/m?® were included in
the model. Below 20 pg/m’ the effect estimates remained positive but became less precise (i.e., wider
95% confidence intervals) as fewer observations were included in the model. The results of this cut-point
analysis support the results of a spline model that evaluated the concentration-response relationship across
the entire range of concentrations observed in the study area and found a generally linear association.

Overall, the majority of evidence continues to indicate a linear, no-threshold
concentration-response relationship for long-term exposure to PM- s and total (nonaccidental) mortality,
though some recent evidence indicates the possibility of a nonlinear concentration-response function.
There is less certainty in the shape of the concentration-response curve at mean annual PM s
concentrations generally below 8 pug/m?, though some studies characterize the concentration-response

relationship with certainty down to 4 pg/m’.

11.2.5 Evaluation of Factors That May Influence PM25 Associations

11.2.5.1 Comparison of Exposure Assessment Techniques

Recent studies have used a variety of both fixed-site (1.€., monitors), model (e.g., CMAQ,
dispersion models) and satellite-based (¢.g., acrosol optical depth [AOD] observations from satellites)
methods, including hybrid methods that combine two or more fixed-site, model and/or satellite-based
techniques to measure, estimate or predict PM; s concentrations for use in assigning long-term PM: 5

exposure in epidemiologic studies (see Section 3.3.2.4.3).

In a systematic comparison of fixed-site and satellite-based methods, Lee et al. (2011) concluded

that, though observations were generally highly correlated, fixed-site measurements of PM, s were more
accurate than satellite-based observations of AOD when predicting concentrations within 98 km of the
monitor, but that at distances greater than 98 km, satellite-based observations of AOD were better
predictors of PM, s concentrations (see Section 3.3.3 for details). In order to compare the use of fixed-site
measurements and satellite-based observations of AOD, Jerrett et al. (2016) applied both methods to a

common data set, the ACS cohort, and calculated effect estimates for circulatory and IHD mortality
associated with PM; s using both methods. They observed consistently positive associations between
long-term PM. s exposure and circulatory and IHD mortality, regardless of the exposure assessment
technique used to assign exposure. However, they did note that when exposure assessment relied on
satellite-based techniques, hazard ratios tended to be lower than when fixed-site measurements were used,
or when fixed-site and satellite-based techniques were combined. Additionally, Jerrett et al. (2016)
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combined all of the models into an ensemble model, weighted by model fit (i.e., AIC), and observed a
7.0% increase in circulatory mortality and a 7.5% increase in IHD mortality per 5 pg/m?® increase in
PM:s.

Hart et al. (2015) assigned exposure from the nearest fixed-site monitor as well as from a

spatio-temporal model that included monitor observations, land use regression, and point-source emission
density [see Yanosky et al (2014) for details]. Effect estimates resulting from each exposure methods

were nearly identical.

Alternately, Garcia et al. (2015) compared different exposure assessment techniques that all relied

on observations from fixed-site monitors. Specifically, they evaluated assigning exposure based on the
PM. s concentration measured at the closest monitor, using inverse distance weighting (IDW) from
multiple monitors, and by using a kriging model based on fixed-site monitor measurements. Exposure
was assigned to ZIP code centroids by each exposure assessment technique. The results were consistent
across exposure assessment techniques, with RRs ranging from 1.07 to 1.13 for CVD mortality, 1.20 to
1.28 for IHD mortality, and 1.01 to 1.03 for total (nonaccidental) mortality when considering the entire
study area. Substantially more variability was observed for rural areas when analyses were stratified by
urban and rural areas, with greater, though less precise (i.¢., wider 95% confidence intervals), associations

generally observed in rural arcas.

A single study, Hart et al. (2015), used risk set regression calibration to coirect for bias due to

exposure measurement error resulting from differences in ambient concentrations and personal exposures
correction). They assumed that the “true” exposure was equal to the 12-month moving average for
personal PM: s exposure, and used percent difference in HRs

([(“personal™—“ambient™)/"personal ] x 100) to estimate the impact of exposure measurement error.
They observed moderately higher HRs after adjusting for measurement error (1.18 vs. 1.13 from

spatio-temporal exposure model; 1.22 vs. 1.12 from nearest monitor exposure model).

Overall, a number of studies demonstrate that the positive associations observed between
long-term PM: s exposure and mortality are robust to different methods of assigning exposure. In
addition, a single study provides modest evidence that failing to correct for bias due to exposure

measurement error could result in attenuated risk estimates.

11.2.5.2 Comparison of Statistical Techniques

Several recent studies have evaluated and compared the results of multiple statistical models in
order to examine the robustness of the long-term PM; 5 exposure-mortality relationship and to address
concerns related to the sensitivity of results to model specification. In a reanalysis of the Harvard Six
Cities study, Lepeule et al. (2012) evaluated a Cox proportional hazards model and a Poisson survival
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analysis. The authors observed no substantial changes in results for the Cox models compared to the

results from the Poisson survival analysis. Similarly, Thurston et al. (2016} evaluated both a traditional

Cox proportional hazards model and a multilevel random-effects Cox proportional hazards model in
analyses of the ACS cohort. The fully adjusted models included spatial random effects as well as
contextual socio-economic variables. In addition, they examined models with random effects but not
contextual variables, models with contextual variables but not random effects, and fixed effect models
adjusted only for individual-level variables. The association between long-term exposure to PM, s mass
and IHD mortality was consistent across all of the models (HR ranged from 1.02 to 1.05). Estimates
based on models without random effects and/or adjustment for contextual variables had more power and
tended to be more precise. Similarities were observed in a different cohort, the NIH-AARP cohort
(Thurston et al., 20135). Specifically, associations were more precise when contextual variables were not

included, and the inclusion of random effects terms in the time independent Cox proportional hazards
model resulted in associations similar to those observed from models without random effect terms. In an

analysis of CVD mortality, Dehbi et al. (2016} used competing risk hazards regression models to allow

for the influence of death from causes other than CVD. In addition, they used Cox modelling to verify
that the observed results were not an artefact of using competing risk hazards regression models and
observed similar results. Overall, these results from well-studied, highly regarded cohorts help to reduce
uncertainties that the observed associations between long-term PMs s exposure and mortality could be due

to the statistical techniques employed or model specification, rather than a causal relationship.

11.2.5.3 Effects of Different Long-Term Exposure Windows

The delay between changes in exposure and changes in health has important policy implications.
The 2009 PM ISA concluded that there was developing coherence in the evidence base that indicated that

(2015) examined long-term exposure for four different averaging times: (1) annual mean exposure at
baseline, (2) annual mean exposure 1 year before death, (3) vearly mean exposure during follow-up, and
(4) average cumulative exposure from baseline through death or censure. Results for long-term PM; 5
exposure and total (nonaccidental), cardiovascular and respiratory mortality were consistent for all four

exposure windows examined. Lepeule et al. (2012) evaluated two exposure periods, 1 or 5 years before

death or censure, and evaluated model fit using Akaike’s Information Criterion (AIC). They observed the
best fit for the 5-year exposure period. In additional sensitivity analyses, they allowed the exposure
window to vary from 1 to 5 years before death or censure, and observed similar effect estimates to those

in the main analysis. Using a different strategy, Wong et al. (20135) stratified the follow-up period to

examine deaths occurring 2—4, 58, or >9 years after the baseline date. They observed greater risks for
the period closest to the baseline date, though it is unclear if this is a result of a difference in the exposure
window, or if it could be due to the age of the cohort. The cohort included participants aged 65 vears or
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older, and there is evidence indicating that risk decreases for individuals over 70 or 75 years of age. Thus,
it is unclear if the greater risk observed for the early exposure window is due to the exposure window
itself, or the age of participants during that exposure window. Overall, new evidence from recent studies

continues to support the previous conclusion that health benefits from reducing air pollution could be

[ T S S

expected with a few years of intervention.

11.2.6 Associations between PMz5 Sources and Components and
Mortality

6 The 2009 PM ISA (1J.5. EPA, 2009) included one study that examined the association between
long-term exposure to PM» s components and mortality (Lipfert et al., 2006). Integrating across health
8  endpoints, the 2009 PM ISA concluded that there is not sufficient evidence to differentiate the

9  components or sources more closely related to health outcomes when compared with PM2 s mass. A

~J

10 number of recent studies have examined the relationship between long-term exposure to PM components
11 and mortality. A number of these studies estimate the risk associated with individual components of PM; 5
12 (Figure 11-24), while others evaluate the potential for PM» s composition to explain some of the

13 regional/geographic heterogeneity observed in the risk estimates from studies of long-term PMs s

14 exposure.

15 In an additional analysis of the CanCHEC cohort (described previously in Section 11.2.2.2),
16  Crouse ¢t al. (2016) used a novel method to calculate the risk of total (nonaccidental) and

17 cardio-metabolic mortality associated with long-term exposure to PM, s adjusted for the proportion of six
18  individual PM:s components (i.e., sulfate, nitrate, ammonium, OC, BC, dust). They observed that models
19 of PM,s mass alone were a better predictor of mortality than models of the combination of PM; s mass

20 and the proportion of any one of the six components they evaluated, but that models including the

21  combination of PM: s mass and the proportion of all six of the components were better predictors of

22 mortality than models of PM» s mass alone. In separate analyses of the CanCHEC cohort, authors

23 collected PM: 5 filters from 30 fixed-site monitors between 2012 and 2013 and evaluated the oxidative

24  potential of the nonvolatile portion of PM, s mass on the filter via antioxidant (glutathione and ascorbate)
25 depletion tests (Weichenthal et al., 2016). When the PM; 5 glutathione-related oxidative burden was

26  estimated, the results were similar to those for PM» s mass, though generally higher in magnitude.

27 Generally null or negative hazard ratios were observed for all-cause and cause-specific mortality when
28  PM. ;s ascorbate-related oxidative burden was analyzed. Although not entirely consistent, these oxidative
29  burden results may help to explain the potential for low concentrations of PMa 5 to cause discase or to

30 help explain geographic heterogeneity observed with PM; s-mortality associations.

31 A meta-analysis of European cohorts (i.¢., the ESCAPE study, described previously in Table 11-

32 6), evaluated mortality due to incident IHD events and eight different PM2 s components: S, K, Cu, Fe, Ni,
33 V,Zn, and Si (Wolf et al., 2013). These authors used LUR to estimate PM, s and component
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concentrations, and cross validation of the models revealed variable performance, with some models
performing poorly (i.e., R* < 0.30) and others performing moderately (i.e., R? = 0.30~0.50). The authors
calculated single-component hazard ratios, as well as PM, s-adjusted hazard ratios, by regressing total PM
on each component separately and then including the residual for each component in a model with total
PM; s, using the estimate of the residual component to represent the independent component effect.
Previous analyses of the ESCAPE cohort observed associations between long-term PMs s exposure and
CVD mortality. The results presented by Wolf et al. (2015} are consistent with these associations, and

provide additional evidence for associations with K, Si and Fe, which could represent the resuspended
road dust portion of PM-s. In sensitivity analyses where only cohorts for which the cross validation of the

LUR model was >0.50, the results were relatively unchanged.

The evaluation of the association between PM: s components and mortality is complicated by the
different methods applied across studies. As a result, the systematic standardization of results across
studies (i.€., per 5 pg/m’ increase), as is the convention throughout this ISA, is not possible when
evaluating results for PMs s components. Overall, the results for individual PM s components across
studies are generally more imprecise than the results for PM: s (i.e., much wider confidence intervals,
often including the null value), which make the individual results, as well as results across studies, more
difficult to interpret. As such, for the purposes of characterizing results with respect to PM» s components
a different convention is emploved to evaluate the pattern of associations across studies. Specifically, risk
estimates from studies are classified into four categories in Figure 11-24 and Figure 11-25:

(1) statistically significant positive associations; (2) positive associations, regardless of width of the
confidence interval; (3) null or negative association; and (4) statistically significant negative association.
Figure 11-24 and Figure 11-25 demonstrate consistent positive associations for total (nonaccidental)
mortality and exposure to PM, s, BC/EC, Fe, Ni, NOs, and V, with more studies evaluating PM» s, BC/EC
and NO; ", and fewer studies examining the metals Fe, Ni, and V. Based on the pattern of results across
this limited number of studies, it is difficult to disentangle the independent effect of any of these

components from the effect of PM; 5 mass.

Thurston et al. (2016) used source apportionment to evaluate the relationship between air

pollution sources and IHD mortality in the ACS cohort. Sources were categorized based on
source-identifier elemental tracers. They observed the strongest associations coal burning (HR: 1.05, 95%
CI: 1.02, 1.08) and other combustion sources, and diesel traffic (HR: 1.03, 95% CI: 1.00, 1.06). Generally
null associations were observed for other sources (i.¢., wind-blown soil and biomass combustion). These
results are generally consistent with previous studies of short-term exposure and mortality that have used
source apportionment methods; previous studies have not considered long-term exposure and IHD
mortality.
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al. (2011), who examine CVD mortality. Dark blue = study reported statistically significant positive association; Light blue = study
reported a positive association regardless of width of confidence intervals; Light orange = study reported null or negative
association; Red = study reported statistically significant negative association; Gray = study did not examine individual component.
Only those PM, s components that were examined in at least three studies are included in this figure.

Figure 11-24 Heat map of associations observed between PM2zs and PMzs
components and mortality.
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are statistically significant positive (dark blue), positive (light blue), null/negative (light orange), statistically significant negative (red),
or not examined (gray).

Figure 11-25  Distribution of mortality associations for PM2.s and PM2s
components examined in studies detailed in Figure 11-24.

11.2.7 Summary and Causality Determination

Recent cohort studies evaluated since the completion of the 2009 PM ISA continue to provide
consistent evidence of positive associations between long-term PMa s exposures and total (nonaccidental)
mortality from studies conducted mainly in North America and Europe. Many recent analyses further
evaluated the association between long-term PM s exposures and the risk of mortality based on the
original ACS study (Pope et al., 1995), adding new details about deaths due to cardiovascular discase

(including IHD) and respiratory disease (including COPD), and extending the follow-up period of the
ACS to 22 years (1982-2004). Adding to this evidence, recent U.S. and Canadian cohort studies
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demonstrate consistent, positive associations between long-term PM; s exposure and mortality across
various spatial extents, exposure assessment metrics, and statistical techniques, and locations, where mean
annual average concentrations are <12 pg/m® (Section 11.2.2.2). Additionally, the evidence from recent

for total mortality is supported by generally consistent positive associations with cardiovascular and

respiratory mortality. There is coherence of effects across the scientific disciplines (i.e., animal
toxicological, controlled human exposure studies, and epidemiologic) and biological plausibility for

PM, s-related cardiovascular (Chapter 6) respiratory (Chapter 5) and metabolic (Chapter 7) disease, which
supports the PM, s-mortality relationship. This section describes the evaluation of evidence for total
(nonaccidental) mortality, with respect to the causality determination for long-term exposures to PM: s
using the framework described in Table II of the Preamble to the ISAs (U.S. EPA. 2015b). The key
evidence, as it relates to the causal framework, is summarized in Table 6-89.

The strongest evidence supporting the conclusion of a causal relationship between long-term
PM: s exposure and total mortality in the 2009 PM ISA was derived from analyses of the ACS and HSC
cohorts. Recent extended analyses and reanalysis of these cohorts continues to support this relationship,
demonstrating consistent positive associations for total (nonaccidental mortality) and across different
cause-specific mortality outcomes. A recent series of analyses of the Medicare cohort of U.S. individuals
provides additional support, culminating with the largest cohort study of nearly 61 million U.S. Medicare
enrollees that reports positive associations with increases in PM» s concentrations and stronger
Another recent series of studies conducted in Canada provides results consistent with those of the
Medicare cohort (i.¢., positive associations between long-term PMas s exposure and total mortality in areas
where mean annual PM, s concentrations are <12 pug/m’®. One difference between these studies is that the
Canadian cohorts include all adults (aged 25+ vears) and the Medicare cohort only includes adults aged
65+ vears, demonstrating that these effects are not specific to one lifestage, but affect all adults. Also, an
additional line of evidence is available that includes results from a number of cohorts that recruited
subjects based on their place of employment, including female nurses, female teachers, male health
professionals, and male truck drivers, which observe consistent, positive associations between long-term

PM: 5 exposure and total mortality.
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Table 11-8 Summary of evidence for a causal relationship between long-term
PM:z.s exposure and total mortality.

Rationale for

Causality

Determination?

Key Evidence®

Key References®

PMas
Concentrations
Associated
with Effects®

Consistent

Positive associations

epidemiclogic evidence between long-term PMas

from multiple, high-

quality studies at
relevant PMzs
concentrations

exposure and mortality in the
multiple analyses of the ACS
and HSC cohorts, with effect
estimates similar in
magnitude, even after
adjustment for common
potential confounders.

Section 11.2.2.1

Mean
concentrations
across studies:
11.4-23.6 yg/m?®

Positive associations
between long-term PM2s
exposure and mortality in the
multiple analyses of the
Medicare cohort, with effect
estimates similar in
magnitude, even after
adjustment for common
potential confounders.

Section 11.2.2.2

Mean
concentrations
across studies:
8.12-12.0 pg/m?>

Positive associations
between long-term PMas
exposure and mortality in the
multiple analyses of
Canadian cohorts, with effect
estimates similar in
magnitude, even after
adjustment for common
potential confounders.

Section 11.2.2.2

Mean

concentrations
across studies:
8.7-9.1 pg/m?

Positive associations
between long-term PM2s
exposure and mortality in the
multiple North American
occupational cohorts, even
after adjustment for common
potential confounders.

Section 11.2.2.2

Mean
concentrations
across studies:
12.7-17.0 ug/m?®

Positive associations with
cardiovascular, respiratory,
and lung cancer mortality.

Section 6.3.10.1

Mean (across
studies):
4.1-17.9 yg/md

Section 5.2.10

Mean (across
studies):
4.1-17.9 ug/m®

Section 10.2.5.1

Mean (across
studies):
6.1-33.7 pg/md
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Table 11-8 (Continued): Summary of evidence indicating that a causal
relationship exists between long-term PM2.5 exposure

and total mortality.

Rationale for
Causality

Determination? Key Evidence®

Key References®

PM2s
Concentrations
Associated
with Effects®

Positive associations
observed between long-term 21

Epidemiologic
evidence from

copollutant models PM2s exposure and total
provides some support mortality remain relatively
for an independent unchanged after adjustment

for O3z, NO2 and PM1o-25

When reported, correlations
with copollutants were highly
variable (low to high).

PM2s association

Section 1.1.1.1; Figure 11-20; Figure 11-

Consistent positive Positive associations

Section 11.2.2.6; Jerrett et al. (2016)

epidemiologic evidence consistently observed across
for associations studies that used fixed-site
between PM2s (i.e., monitors), model
exposure and total (e.g., CMAQ, dispersion
mortality across models) and satellite-based
exposure (e.g., AOD observations
measurement metrics  from satellites) methods,
including hybrid methods
that combine two or more of
these methods.

Epidemioclogic No evidence for deviation Section 11.2.2.4
evidence supports a from linearity in several U.S.

log-linear, no-threshold and Canadian cohorts

concentration-response

(C-R) relationship
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Table 11-8 (Continued): Summary of evidence indicating that a causal
relationship exists between long-term PM2.5 exposure
and total mortality.

PM2s
Rationale for Concentrations
Causality Associated
Determination? Key Evidence® Key References® with Effects®

Biological plausibility Cardiovascular morbidity Section 6.3 Mean (across
from studies of studies provide expanded Miller et al. (2007) studies):
cardiovascular and body of evidence for P ) 10.7-13.4 pyg/m?®
respiratory morbidity associations between long- Chietal (2016
and lung cancer term PMas exposure and
incidence and mortality CHD, stroke and

atherosclerosis, providing

biological plausibility for a

relationship between long-

term PMas exposure and

cardiovascular mortality.

Respiratory morbidity studies Section £.2.5

provide some evidence for

an association between

long-term PMa2s exposure

and development of COPD,

providing limited biological

plausibility for a relationship

between long-term PMazs

exposure and respiratory

mortality

Consistent epidemiologic Section 10.2.5.1 Mean (across

evidence for associations Figure 10-3 U.S. and

between PMzs exposure and Canadian

fung cancer incidence and studies):

mortality in cohort studies 6.3-23.6 pug/m?

conducted in the U.S.,
Canada, Europe and Asia

ACS = American Cancer Society; AHSMOG = Adventist Health Study of Smog; AOD = aerosol optical depth; CO = carbon
monoxide; EC = elemental carbon; HSC = Harvard Six Cities; Ml = myocardial infarction; NLCS = Netherlands Cohort Study on
Diet and Cancer; NO; = nitrogen dioxide; ppb = parts per billion; PM, 5 = particulate matter with a nominal aerodynamic diameter
less than or equal to 2.5 um; PMyg = particulate matter with a nominal aerodynamic diameter less than or equal to 10 pm;
PMig-25 = particulate matter with a nominal aesrcdynamic diameter less than or equal to 10 ym and greater than a nominal
diameter of 2.5 pm; SO, = sulfur dioxide.

*Based on aspects considered in judgments of causality and weight of evidence in causal framework in Table | and Table 1l of the
Preamble.

Describes the key evidence and references contributing most heavily to the causality determination and, where applicable, to
uncertainties or inconsistencies. References to earlier sections indicate where the full body of evidence is described.

*Describes the PM, s concentrations with which the evidence is substantiated.

Recent evidence helps to reduce uncertainties related to potential copollutant confounding of the
relationship between long-term PM, s exposure and mortality. Multiple studies evaluated ozone (Figure
11-20) and NO» (Figure 11-21) in copollutant models and observed similar hazard ratios for PMz s
regardless of whether ozone or NO; were included in the model. This supports an independent effect of
long-term PM, s exposure on mortality. Evidence for other potential copollutants (e.g., SO,, CO) is
limited.
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1 Recent studies have used a variety of both fixed-site (i.c., monitors), model (e.g., CMAQ,
2 dispersion models) and satellite-based [¢.g., acrosol optical depth (AOD) measurements from satellites]
3 methods, including hybrid methods that combine two or more fixed-site, model and/or satellite-based
4  techniques to measure, estimate or predict PM2 s concentrations for use in assigning long-term PMa s
5  exposure in epidemiologic studies. Overall, the exposure assessment technique has had little influence on
6  study results, with consistently positive associations of similar magnitude observed across studies using a
7 variety of exposure assessment techniques. Notably, Jerrett et al. (2016} applied fixed-site measurements
8  and satellite-based observations of AOD to a common data set, the ACS cohort, and calculated effect
9  estimates for circulatory and IHD mortality associated with PM> s using both methods. They observed
10 consistently positive associations between long-term PM» s exposure and mortality, regardless of the
11  exposure assessment technique used to assign exposure. Additionally, Jerreit et al, (2016) combined
12 multiple exposure assessment techniques into an ensemble model, weighted by model fit, and continued
13 to observe similar positive associations with mortality. These results support an independent effect of
14  long-term PM, s exposure on mortality that is not overtly influenced by or a residual of the exposure
15 assessment technique used in the study.
16 The number of studies examining the shape of the C-R function for long-term PM- s exposure and

17 mortality has substantially increased since the 2009 PM ISA. These studies used a number of different

18 statistical techniques to evaluate the shape of the C-R function, including natural cubic splines, restricted
19  cubic splines, penalized splines, thin-plate splines, and cut-point analyses (Table 11-7), and generally

20  observe linear, no-threshold relationships down to 4-8 pg/m’. Few studies have conducted extensive

21  analyses exploring alternatives to linearity when examining the shape of the PM; s-mortality C-R

22 relationship. Among these studies, there is some emerging evidence for a supra-lincar C-R function, with
23 steeper slopes observed at lower PM; s concentrations. Though few, such supra-linear C-R functions are
24 most commonly observed for cardiovascular mortality compared to total (nonaccidental) or respiratory
25 mortality.

26 The 2009 PM ISA concluded that there is not sufficient evidence to differentiate the components
27 or sources more closely related to health outcomes when compared with PM» s mass, though the evidence
28  for long-term exposure and mortality was limited. More recently, a number of studies examined the

29  relationship between long-term exposure to PM components and mortality (Figurg 11-24). Collectively,

30 recent studies continue to demonstrate that no individual PM: s component or source is a better predictor
31  of mortality than PM> s mass.

32 Overall, recent epidemiologic studies build upon and further reaffirm the conclusions of the 2009
33 PMISA for total mortality. The evidence particularly from the assessment of PM; s-related cardiovascular
34 and metabolic diseases, with more limited evidence from respiratory morbidity, provides biological

35  plausibility for mortality due to long-term PM: 5 exposures. In conclusion, the consistent positive

36 associations observed across cohort studies conducted in various locations across North America are

37  further supported by the results from copollutant analyses indicating robust associations independent of
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1 O;and NOa. Collectively, this body of evidence is sufficient to conclude that a causal relationship

2 exists between long-term PM: s exposure and total mortality.

11.3 Short-Term PM1o-25 Exposure and Total Mortality

The 2009 PM ISA concluded that the evidence is "suggestive of a causal relationship between
short-term exposure to PM1o2 s and mortality” (U.S. EPA. 2009).* This evidence was based on generally

consistent, positive associations across mortality outcomes from primarily single-city studies, with some

[ Y

additional evidence from a few multicity studies, conducted in the U.S. and Canada. However, there was

~J

uncertainty with respect to the associations observed across epidemiologic studies due to the different
8  methods used to measure PMio-2 5 concentrations, which included direct measurements of PMiy-2 5 using
9  dichotomous samplers and calculating the difference between PMis and PM, s concentrations (e.g., at
10 collocated monitors, taking the difference between area-wide averages of PMip and PM» 5). Compared to
11 studies of PM, s, there were relatively few studies that conducted additional analvses to further examine
12 the PMio-2s-mortality relationship, resulting in the inability to adequately assess potential copollutant
13 confounding, as well as the influence of model specification, seasonal associations, and effect measure
14  modification. Additionally, there was a lack of information on the chemical and biological components

15 that comprise PMio 5.

16 Since the completion of the 2009 PM ISA a number of new studies, with the majority being

17 multicity, conducted in diverse geographic locations (¢.g., U.S., Asia, and Europe) have examined the

18  relationship between short-term PMio2 s exposure and mortality. However, the relative number of studies
19 focusing on short-term PMio-2 5 exposure and mortality has remained small, with many of the studies still
20 using rather crude approaches to estimating exposures to PMo-2 5. As detailed in Section 11.2.1 on

21 shortterm PM: s exposure and mortality, this section on PMio-2 5 and mortality focuses primarily on

22 multicity studies because they examine the association between short-term PM. s exposure and a health
23 effect over a large geographic area that consists of diverse atmospheric conditions and population

24 demographics, using a consistent statistical methodology, which avoids the potential publication bias

25 often associated with single-city studies (U.S. EPA, 2008). Other recent studies (i.¢., single and multicity)

26  that do not further inform uncertainties or limitations in the short-term PMo 2 5 exposure and mortality

27  evidence are not the focus of this section, and are available at: https://hero.epa.gov/hero/particulate-

28 matter.

29 The following section provides a brief overview of the associations observed in recent studies of
30 mortality and short-term PMio-2 s exposures, with the main focus on evaluating whether recent studies
31  address the uncertaintics and limitations identified in the 2009 PM ISA (U.5. EPA, 2009), specifically:

32 copollutant confounding; model specification; effect modification (e.g., temperature, season); exposure

80 As detailed in the Preface, risk estimates are for a 10 pg/my’ increase in 24-hour average PM,o-2 5 concentrations,
unless otherwise noted.
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assessment; and the concentration-response relationship and related issues (e.g., lag structure of

associations). The multicity studies discussed throughout this section, along with study-specific details,

air quality characteristics, and the approach used to estimate PM;,-2 5 concentrations are highlighted in

Table 11-9.

Table 11-9 Study-specific details and PM1o-2.5 concentrations from multicity
studies in the 2009 PM ISA and 2004 PM air quality criteria document
(AQCD), and recent multicity studies and meta-analyses.
Upper
Mean Percentile Measurement of
Mortality Concentration Concentrations PMio-25 Copollutant
Study Outcome(s) Hg/m?® Hg/m?® Concentrations Examination
Klemm and Mason  Total 9.0° 75th: 15.5 PMio-25 directly Correlation (r): NA
(2003)* Max: 30.1 measured using Copollutant models
Six U.S. cities dichotomous with: NA
(1979-1988) samplers
Burnett and Total 12.6 95th: 30.0 PM1o-25 directly Correlation (r): NA
Goldberg (2003)* Max: 99.0 measured using Copollutant models
Eight Canadian dichotomous with: NA
cities samplers
(1986-1996)
Burnett et al. Total 11.4 Max: 151.0 PMio-25 directly Correlation (1)
(2004) measured using 0.27 NO2
12 Canadian cities dichotomous Copollutant models
(1981-1999) samplers with: NO2
Zanobetti and Total 11.8 98th: 40.2 PMio-25 estimated  Correlation (r): NA
Schwartz (2009) Cardiovascular Qoth- 47.2 by calculating Copollutant models
47 U.S. cities Respiratory Max: 88.3 difference with: PMzs
(1999-2005) between
county-wide
average PM1o and
PMas
concentrations
tMalig and BD Total 12.3 75th: 13.7-52.8 PMio-25 estimated  Correlation (r):
(2009) Cardiovascular by calculating -0.03-0.35 PMas
15 California difference Copollutant models
counties, U.S. between PM1o with: PMz2s
(1999_2005) and PMzs at
collocated
monitors
tJanssen et al. Total 7.7 75th: 9.5 PMio-25 estimated  Correlation (1):
(2013} Max: 53.9 by calculating 0.57 PM1o; 0.29 PMzs
Netherlands difference Copollutant models
(2008-2009) between with: PMzs
nationwide

average of PM1o
and PMzs using
10 locations were
both monitored

SECTION 11.3: Short-Term PM10-2.5 Exposure and Total Mortality

August 2018

11-100

DRAFT: Do Not Cite or Quote

ED_002220_00002287-01636



Table 11-9 (Continued): Study-specific details and PM1o-2.5 concentrations from
multicity studies in the 2009 PM ISA and 2004 PM AQCD,
and recent multicity studies and meta-analyses.

Upper
Mean Percentile Measurement of
Mortality Concentration Concentrations PMi1o-25 Copollutant
Study Outcome(s) Ha/md Hg/m3 Concentrations Examination

TPascal et al. Total 7-9 Max: 25-83 PMio-25 estimated  Correlation (r):
(2014) Cardiovascular by calculating <0.40 PMas
Nine French cities ~ Respiratory difference Copollutant models
(2001-2006) between PMro with: PMzs, Os

and PMas at

collocated

monitors
t8amoli et al. Total 8.0-15.8° 75th: 12.0-20.3 PMio-25 estimated  Correlation (r):
(2013} Cardiovascular by calculating 0.19-0.68 PMzs
Eight European Respiratory difference Copollutant models
Mediterranean between PMio with: PMz2s, NO2, SOz,
cities and PM2s at O3
(2001-2010) collocated

monitors
tLanzinger et al. Total 47-9.8 Max: 21.6-44.6 PMio-25 estimated ~ Correlation (r):
2016)¢ Cardiovascular by calculating 0.37-0.44 NOz;
Five Central Respiratory difference 0.58-0.78 PMq;
European cities between PM1o 0.40-0.61 PMzs;
(UFIREG) and PMa2s at 0.40-0.51 UFP;
(2011-2014) coliocated 0.50-0.58 PNC

monitors Copollutant models

with: NA

TS8tafoggia Total 5.0-16.0 NA PMio-25 estimated  Correlation (r):
(2017)° Cardiovascular by calculating 0.09-0.36 UFP
Eight European Respiratory difference Copollutant models
cities between PM1o with: NA
(1999-2013) and PMas at the

same monitors
tlLee et al (2015a) Total 10.7-50.4° 75th: 15.4-82.5 PM1o-25 estimated  Correlation (r): NA
11 East Asian Cardiovascular by calculating Copollutant models
cities Respiratory difference — with: PMas, Os, SOz,
(2001-2009) between city-wide  nO,

average of PMio

and PMas for

each city
TChen et al. Total 49-101 PMio-25 estimated  Correlation (r):
(2011) by calculating 0.74-0.86 PMug;

Three Chinese
cities (CAPES)
(2004-2008)

difference
between PMuo
and PMas at
collocated
monitors

0.28-0.53 PMzs

Copollutant models
with: PMzs

CAPES = China Air Pollution and Health Effects Study; UFIREG = Ultrafine Particles—an evidence based contribution to the development
of regional and European environmental and health policy.

*Multicity studies included in the 2004 PM AQCD.

*Median concentration.

cUntil 1984 consisted of particles with aerodynamic diameter greater than 2.5 ym and less than 15 pm, and after first quarter 1984 upper

end was less than 10 pm (

YPM only measured in 4 of the 5 cities.
eStafoggia et al. (2017) did not report quantitative estimates for cardiovascular and respiratory mortality.

T5tudies published since the 2009 PM [SA

Klemm et al., 2000).
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11.3.1 Biological Plausibility for Short-Term PM1o-2.5s Exposure and Total
Mortality

The preceding chapters characterized evidence related to evaluating the biological plausibility by
which short-term PMio-2 5 exposure may lead to the morbidity effects that are the largest contributors to
total (nonaccidental) mortality, specifically cardiovascular and respiratory morbidity (Section 6.3.1 and
Section 5.3 .1, respectively). This evidence is derived from animal toxicological, controlled human
mechanisms by which inhalation exposure to PMio-25 could result in initial events, such as an
inflammatory response in the lungs, as well as systemic inflammation and altered hemostasis. Currently,
evidence is lacking for progression to intermediate endpoints (¢.g., endothelial dysfunction) and
population outcomes (e.g., IHD, emergency department [ED] visits, and hospital admissions) that are
observed in experimental and observational health studies. Similarly, Section 5.3.1 characterizes the
available evidence by which inhalation exposure to PMis-25 could progress from initial events to
endpoints relevant to the respiratory system. There is some evidence for an initial event characterized by
inflammatory responses that could support progression along an inflammation-mediated pathway.
However, the evidence for how the initial events and subsequent endpoints could lead to increases in
respiratory ED visits and hospital admissions is limited. Collectively, the progression demonstrated in the
available evidence for cardiovascular and respiratory morbidity supports potential biological pathways by
which short-term PM-2 5 exposures could result in cardiovascular and respiratory morbidity, but there is
still uncertainty related to how these initial events could progress to more severe endpoints, including
mortality.

11.3.2 Associations between Short-Term PM1o-2.5 Exposure and Total
(Nonaccidental) Mortality in All-Year Analyses

Recent multicity studies that examined the relationship between short-term PMio-2 s exposure and
total (nonaccidental) mortality have primarily been limited to Europe and Asia. The results from these
studies, along with a meta-analysis, build on the relatively consistent, positive associations observed in
multicity studies evaluated in the 2009 PM ISA and 2004 PM AQCD (Figure 11-26). It is worth noting

that in the meta-analysis by Adar et al. (2014} an examination of publication bias indicated that estimates

for PMio-».5s showed possible evidence of publication bias, which was not observed for PM; s and may
contribute to the small literature base for PMig— 5.

Consistent with the 2009 PM ISA, across studies different methods were used to measure PM o2

concentrations with most studies relving on some form of the difference method (i.c., subtracting PMo

examine the relationship between different PMyo-2 s monitoring methods as detailed in Section 2.4.2, these
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1  analyses are limited to a few locations and it remains unclear how similar the absolute magnitude of
2 PMio 25 concentrations are across each method and whether the PM1o-2 5 concentrations estimated from
3 each method are temporally correlated.
Study Location Lag ;
Klemm et al. (2003) 6 1.8, Cities 0-1 WEW,W
Burnett and Goldberg (2003) 8 Canadian Cities 1 E &
Zanobetti and Schwartz (2009) 47 U.S. cities 0-1 E —
Burnett et al. (2004) 12 Canadian cities 1 W
Thalig and Ostro (2005} 15 CA counties 2 W
ssen etal. (2013) Netherfands 2 : T
THemoli et a1 {2013} 16 Buropean Medaities G-1 "E"""'@m"
Stafonpia o al (2017) 2 Baropean cities E e e
tLanzinger stal (2016 5 Central Buropean cities (UFIREG) -1 é Lid
+Pascal etal {2014) 9 French cities fom] E '3
T 1 {2015 11 Bast Asian cities -1 g """"" L
Chen ot al (2011) % Chimese cities (CAPES) E -
TAdar et al (2014) Meta-analy sis E b
-1.100 O.:OO I.IOO 2.IOO 3.IOO 4.IOO
% Increase (95% Confidence Interval)
CAPES = China Air Pollution and Health Effects Study; UFIREG = Ultrafine Particles—an evidence based contribution to the
development of regional and European environmental and health policy.
20Only four of the five cities measured PM,s.
Note: TStudies published since the 2008 PM {SA. Black circles = U.S. and Canadian multicity studies evaluated in the 2004 PM
AQCD and 2009 PM ISA. Red circles = Multicity studies and meta-analyses published since the completion of the 2009 PM ISA.
Corresponding quantitative results are reported in Supplemental Table S11-9 (U.S. EPA, 2018h).
Figure 11-26  Summary of associations between short-term PM1o-2.5 exposure
and total (nonaccidental) mortality in multicity studies for a
10 pg/m? increase in 24-hour average concentrations.
11.3.3 Associations between Short-Term PM1o-2.5 Exposure and
Cause-Specific Mortality in All-Year Analyses
4 In addition to evaluating the relationship between short-term PMiy-2 5 exposure and total

5  (nonaccidental) mortality a number of studies also evaluated cause-specific mortality (i.¢., cardiovascular
6  and respiratory mortality) (U.5. EPA, 2009). Studies that examined cardiovascular mortality reported
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evidence of consistent positive associations. Fewer studies examined the association between short-term
PMio-2 5 exposure and respiratory mortality, with most, but not all studies reporting positive associations.
Across both cardiovascular and respiratory mortality studies confidence intervals were larger than those
observed for total {nonaccidental) mortality, which is a reflection of a majority of studies consisting of

single-city studies.

Recent multicity studies add to the body of evidence detailed in the 2009 PM ISA (Figure 11-27).
An examination of cardiovascular mortality finds evidence of consistent positive associations, but both
the magnitude of the association along with the width of the 95% confidence intervals vary across studies.
For respiratory mortality, most, but not all studies, reported evidence of positive associations. However,
similar to the examination of cardiovascular mortality and short-term PMio 2 s exposures, the confidence

intervals were large for some studies, particularly Janssen et al. (2013) and Lanzinger et al. (2016). which

could be attributed to the rather short time-series for both studies.
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iLanzinger efal (2016)a

Tanofi et al {2013}

tAdar et al 2014

-4.0 2.0 0.0 2.0 4.0 6.0
% Increase (95% Confidence Interval)

CAPES = China Air Pollution and Health Effects Study; UFIREG = Ultrafine Particles—an evidence based contribution to the
development of regional and European environmental and health policy.

20Only four of the five cities measured PM; 5, study included ages >1.

"Adar et al. (2014) focused on single-day lag results, specifically lag 0, 1, or 2.

Note: T&tudies published since the 2008 PM ISA. Black circles = U.S. and Canadian multicity studies evaluated in the 2004 PM
AQCD and 2009 PM ISA. Red circles = Multicity studies and meta-analyses published since the completion of the 2009 PM ISA.

Corresponding quantitative results are reported in Supplemental Table S11-10 (U.S. EPA, 2018b).

Figure 11-27 Summary of associations between short-term PM1o-2.5 exposure
and cardiovascular and respiratory mortality in multicity studies
for a 10 ug/m? increase in 24-hour average concentrations.

11.34 Potential Confounding of the PM1o-2.5-Mortality Relationship

At the completion of the 2009 PM ISA, there was relatively little information on the potential
confounding effects of other pollutants (i.¢., both gascous as well as PMas) along with weather covariates
on the PMio-2 s-mortality relationship. As often detailed in air pollution epidemiology, a thorough
evaluation of potential confounding by both copollutants and weather variables is important in

understanding the relationship between an air pollutant exposure and health outcome.

11.3.4.1 Copollutants

Multicity studies that evaluated potential copollutant confounding in the 2009 PM ISA were
limited to studies conducted by Zanobetti and Schwartz (2009) in 47 U.S. citics and Burnett ¢t al. (2004)
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in 12 Canadian cities, which examined copollutant models with PM» s and NO», respectively. These
studies provided initial evidence that PMo» s-mortality associations remained positive in copollutant
models with particles and gaseous pollutants although the PM -2 5 measurement methods varied between

the potential copollutant confounding of the PM¢» s-mortality relationship.

As summarized in Figure 11-28, copollutant models that included PMa s resulted in
PM,o-» s-mortality associations that were often attenuated and generally remained positive in analyses
conducted specifically in the U.S. and Canada, but in some cases became null (Samoli et al., 2013). This

observation is supported by a study conducted in California that observed PMio-» s mortality associations
were similar in magnitude in copollutant models with PM s (quantitative results not presented) (Malig

and BD, 2009). The indication that PMio-2 5 results generally remain positive in copollutant models with

PM, s, as presented in Figure 11-28, is supported by analyses that examined potential copollutant
confounding in the context of a meta-analysis. When examining studies that conducted copollutant
models with PM, s, Adar et al. (2014) observed that the PM1o-» s-mortality association was similar in

magnitude to that observed in single-pollutant models (quantitative results not provided). The results from
copollutant models were further supported when stratifying PM1,-, s-mortality estimates by the correlation
with PMs s (low, » < 0.35; medium, » = 0.35 to <0.5; high, » > 0.5). The authors observed evidence of
positive associations across each stratification, although the magnitude varied, with the association being
largest in magnitude for correlations <0.35. Adar et al. (2014) further examined potential copollutant

confounding by PMa 5 through an analysis focusing on whether PM,o-2 s-mortality associations were
present when the correlation between PMa s and PMo- 5 increased and when PM; 5 was also associated
with mortality. As highlighted in Figure 11-29, there was not a consistent pattern of PMo-; s-mortality
associations when there was also evidence of a PM, s-mortality association.
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Correlation is for the summer across cities, no correlation was observed in all-year analyses.
Note: +8tudies published since the 2009 PM ISA. Black circles = single-pollutant model. White circles = copollutant models.
Corresponding quantitative results are reported in Supplemental Table S11-11 (U.S. EPA, 2018b).

Figure 11-28

Summary of associations between short-term PM1o-2.5 exposure

and total (nonaccidental) mortality for a 10 pg/m?® increase in
24-hour average concentrations in single and copollutant models

from multicity studies.
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Figure 11-29 Incidence rate ratios as a function of the correlation between
short-term PM1o-2.5 and PM2.5s concentrations stratified by PMzs
associations.

An evaluation of copollutant models including gaseous pollutants finds that in many instances the
PMio-» s-mortality association is robust or slightly attenuated, but remains positive across studies (Figure
11-28). However, the interpretation of results across these studies 1s complicated by the relative lack of
information on the correlation between PMio-5 5 and gaseous pollutants.

Collectively, recent multicity studies provide additional information on whether the
PM,-» s-mortality association is confounded by copollutants. However, uncertainty still remains,
particularly with respect to the correlation between PMio-2 5 and gaseous pollutants, which could further
inform the copollutant model results observed across studies. Overall, there is some evidence that the
PMio-» s-mortality association remains positive in copollutant models with PM» s and Os, with a more
limited number of studies examining NO, and SO;.

11.3.4.2 Long-Term Temporal Trends and Weather

The studies evaluated i the 2009 PM ISA that focused on the relationship between short-term
PMio-25 exposure and mortality did not conduct systematic evaluations or sensitivity analyses to examine
the potential influence of model specification, specifically pertaining to the control for weather and
temporal trends, on the PMio» s-mortality association. Although a limited evaluation of model
specification for the PMio» s-mortality relationship has been conducted in a few recent multicity studies,

compared to PM s (see Section 11.1.5.1) the overall evaluation remains rather limited.
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Of the multicity studies that examined the influence of model specification, the focus has tended

to be on adequate control for temporal trends. Lee et al. (2013a) in a study consisting of 11 East Asian

countries examined the influence of altering the df per year to control for temporal trends from 6 to 12.
The authors observed that as the df per year increased above 8 there was evidence that the PMo-» 5 risk
estimate was attenuated, but remained positive. The results of the systematic analysis of control for

temporal trends in Lee et al. (2015a) may explain those observed in Samoli ¢t al. (2013) where risk
estimates were compared across models that selected 8 df/year to control for temporal trends a priori,

used the absolute sum of the residuals of the partial autocorrelation function (PACF) to control for
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temporal trends, or conducted a case-crossover analysis, which inherently removes the need to control for
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temporal trends. The authors observed that the a priori method of selecting 8 df/yr resulted in the most
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al. (2013} are comparable to those of Lee et al. (2015a). However, without knowing the df/yr selected
through the PACF method it is unclear if the results between the two studies are consistent.
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14 Only Pascal et al. (2014) in the study of nine French cities examined the influence of alternative

15 weather covariates on the PMi, 2 s-mortality association. The authors used two distinct approaches: (1) a

16  traditional analysis where daily mean temperature at lag 0 and lag 1-7 days was used instead of daily

17 maximum and minimum temperature and (2) an alternative approach using a case crossover design where
18  referent days were matched on days with the same temperature within the same month and year as the

19  case day. Including a covariate for mean temperature instead of daily maximum and minimum

20 temperature resulted in a dramatic reduction in the mortality risk estimate; whereas, when controlling for
21  temperature using the case-crossover approach, the mortality risk estimate was almost identical to that

22 obtained using the main generalized additive Poisson model.

23 Collectively, the studies that examined model specification indicate some potential sensitivity in
24 PMio-2s-mortality risk estimates depending the number of df/yr included to control for temporal trends
25  and the weather covanates included in the model. To date, however, the limited number of studies that
26  examined the influence of model specification on the PM1o-2 s-mortality relationship do not allow for a

27 full assessment of model specification and the potential sensitivity of risk estimates.

11.3.5 Effect Modification of the PM1o25-Mortality Relationship

28 Relatively few studies have examined effect modification of the PMiy-2 s-mortality relationship.
29  However, consistent with studies focusing on PM: s and mortality, some studies examine whether specific
30 individual- or population-level characteristics modify the PM; -2 s-mortality association while other

31  studies focus more broadly on examining those factors that potentially modify that PMio» s-mortality

32 association. The evaluation of individual- or population-level characteristics that may contribute to a

33  population being at increased risk of PM-related health effects is detailed in Chapter 12. The following
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section focuses exclusively on exploring those factors that may modify and further inform the relationship

between short-term PMio— s exposure and mortality.

11.3.5.1 Season and Temperature

To date, few studies have conducted seasonal analyses to examine whether there is evidence that
a specific season modifies the PMi-2 s-mortality-relationship. Lee ¢t al. (2015a) and Samoli et al, (2013)

in studies of 11 East Asian cities and 10 European Mediterranean cities, respectively, focused on warm

(April—September) and cold (October—March) season analyses. In Lee et al. (2015a), the authors
observed a larger association during the cold season (0.71% [95% CI: 0.17, 1.3]; lag 0—1) compared to
the warm season (0.16% [95% CI. —0.32, 0.64]). These results are the opposite of those observed in
Samoli et al, {2013), although confidence mntervals were large, associations were larger in magnitude in
the warm season over the same lag period of 0—1 days (warm: 0.57% [95% CIL: —0.16, 1.3]; cold: 0.26%
[95% CI: —0.43, 0.95}). Instead of dividing the year into two scasons, Pascal et al. (2014) examined
associations across the four seasons and reported seasonal associations more in ling with the results of

Samoli et al. (2013). The authors observed positive associations in the spring, summer, and autumn, with

evidence of no association in the winter, with the summer and autumn having much larger associations,

(2013) and Pascal et al. (2014) reported a relatively similar pattern of seasonal PM1,-» s-mortality

associations, the results from Lee et al. (2015a) complicate the interpretation of secasonal associations

across studies.

In addition to examining seasonal associations, which in some respect are a proxy for examining

the influence of temperature on the relationship between PM o2 5 and mortality, Pascal et al. (2014) also

examined through a traditional stratified analysis if the PMo-» s-mortality association varied between
warm (i.¢., defined as days above the 97.5th percentile of the temperature distribution) and nonwarm
days. The authors reported some evidence of a larger association on warm days (3.9% [95% CIL. =33,
11.7]; lag 0—1) compared to nonwarm days (1.5% [95% CI: 0.3, 2.7]). These results were further reflected
when examining the interaction ratio, which portrays the extra PM effect on warm days (1.04 [95% CIL:
0.98, 1.12)]).

Overall there is some evidence that warmer temperatures and seasons modify the
PM -2 s-mortality association. However, the limited number of studies that examined both the potential

modifying effects of season and temperature complicate the interpretation of results across studies.

11.3.5.2 Role of Exposure Assignment and Exposure Misclassification

Compared to PMs 5, relatively few studies have examined the role of different parameters

(c.g., distance to monitor) used to assign exposures on the PM;o-2 s mortality relationship. Although
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similar approaches to assign exposure have been used across PM size fractions, it remains unclear if

different parameters impact the observed association and its magnitude. Malig and BD (2009) in the

case-crossover study of 15 California counties examined the influence of reducing the buffer size around
monitors from 20 to 10 km on the PMy-» s-mortality association when assigning exposure. The authors
observed the strongest association at lag 2 when using the 20-km buffers (0.7% [95% CL -0.1, 1.5]).
When restricting the analysis to 10-km buffers around monitors, which reduced the number of cases
examined by 40%, the results were almost identical (quantitative results not presented).

11.3.6 PM1o-2.5-Mortality Concentration-Response (C-R) Relationship
and Related Issues

11.3.6.1 Lag Structure of Associations

Studies evaluated in the 2009 PM ISA that examined the relationship between short-term PMig 25
exposure and mortality often selected lags to examine a priori and did not thoroughly examine the lag
structure of associations. Across these studies positive associations were often observed with mortality at
lags ranging from 0 to 1 day (U.S. EPA, 2009). Recent multicity studies provide additional insight on the

lag structure of associations for short-term PMio-2 5 exposure and mortality through systematic analyses
focusing on both single- and multiday lags. As detailed in Section 11.1.8.1, the focus of this section is on
those studies that conducted a systematic evaluation of different lags (e.g., single-day vs. distributed or
average of multiple days) and include all single days evaluated in the distributed or multiday average lags
(i.e., if a study examines a distributed or multiday average lag of 0—6 days it also examines single-day
lags of 0 to 6 days).

Lee et al. {2015a) in the study of 11 East Asian cities examined the lag structure of associations

for short-term PMo-2 5 exposure and mortality by focusing on same-day exposure (lag 0) and multiday
lags ranging from 0—1 to 0—4 days. Across this lag structure, the authors observed the strongest
association, in terms of both magnitude and precision, at lag 0—1 and an association slightly smaller in
magnitude across lags ranging from 0—2 to 0—4 days (quantitative results not presented). For each of the

multiday lags; however, the confidence intervals were large. The pattern of associations observed in Lee

gt al. (2015a) is consistent with that reported in Stafoggia et al. (2017} in a study of eight European cities
that examined single-day lags ranging from 0 to 10 days. The authors observed evidence of a positive
association across lags 0 to 3 days, with the strongest association at lag 1 (quantitative results not

presented).

Instead of focusing on single-day lags or a series of multiday lags, Samoli et al. (2013), in a study

of 10 European Mediterranean cities, took a different approach to examining the lag structure of

associations by focusing on distributed lags indicative of immediate (0—1), delayed (2-5), and prolonged
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effects (0—3). The authors observed the strongest association at lag 0—1 (0.30% [95%: —0.10, 0.69]), with

no evidence of an association at lags 2—5 and 0-5 days.

The results from studies that examined a series of single-day lags along with studies that
examined multiday lags are consistent with the collective body of evidence detailed in the 2009 PM ISA.
The combination of evidence from the 2009 PM ISA along with the limited number of studies that have
systematically evaluated the lag structure of associations provide initial evidence indicating that mortality

effects occur at lags ranging from 0 to 1 day.

11.3.6.2 Concentration-Response Relationship and Threshold Analyses

Studies evaluated in the 2009 PM ISA did not examine the C-R relationship and whether a
threshold exists between short-term PMio-2 5 exposure and mortality. Only the recent multicity study

encompassing 10 European Mediterranean cities conducted by Samoli et al. (2013) provides some insight

on the PMi-» s-mortality C-R relationship.

Similar to the analysis for PM; s detailed in Section 11.1.10, Samoli et al. (2013) conducted a

threshold analysis by selecting cutpoints at 5 ug/m? increments along the range of PMio 2 5 concentrations
from 0—20 pg/m’. The authors assumed there was no risk of mortality below the defined threshold value.

Samoli et al. (2013) did not observe any evidence of a threshold, which was reflected in the models with

the lowest deviance being those that did not assume the presence of a threshold.

In understanding the relationship between short-term PMis 2 s exposure and mortality it is also
important to characterize the relationship along the full distribution of ambient concentrations. Studies
that examine the influence of extreme events can provide insight on the PM o5 s-mortality relationship at
the high end of the PM o2 5 distribution. Lee et al. (2015a) in the analysis of 11 East Asian cities

examined the influence of high particle concentrations on the PM,o-2 s-mortality association through an
analysis focusing on (1) the highest 0.5% PMo-2 5 concentrations and (2) dust storms. When including the
highest 0.5% PMio-2 5 concentrations in the analysis, the authors observed an attenuation of the PMig 25
mortality association at lag 0—1 from 0.35% (95% CIL: —0.02, 0.81) to 0.13% (95% CI: 0.01, 0.26). The
authors reported a similar observation when examining associations between dust storm (0.07% [95% CL:
—0.17, 0.31]; lag 0—1) and nondust storm (0.34% [95% CI: 0.05, 0.62]) periods, which collectively
indicate a potential different relationship between short-term PMio 5 s exposure and mortality at higher
particle concentrations. The results of Lee et al. (2013a) are supported by an analysis of areas with high

PMio-25 concentrations in the meta-analysis by Adar et al. (2014). When stratifving results by areas with

mean concentrations <10 pg/m?, 10 to <15 pg/m’, and >15 pg/m?, the authors observed the smallest

associations for study areas with the highest mean PMio-2 5 concentrations.
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Summary

Although studics have not focused specifically on the shape of the PMio-» s-mortality C-R
relationship, recent studies do not provide evidence of a threshold. Additionally, studies focusing on high
concentrations provide initial evidence indicating that the shape of the C-R may plateau at higher
concentrations; however, there are no statistically based analyses currently available that examine the

N = W N

shape of the C-R relationship to support the observations from these high concentration analyses.

11.3.7 Summary and Causality Determination

Since the completion of the 2009 PM ISA a number of multicity studies conducted primarily in
Europe and Asia continue to provide evidence of consistent positive associations between short-term

PMio-25 exposure and total (nonaccidental) mortality. Although these studies contribute to increasing the

Nelie I B )

confidence in the PMo» s-mortality relationship, different methods are emploved across studies in the

10 measurement of PMio-25 concentrations, which continues to form the main uncertainty in the associations
11 observed and further support that the evidence is suggestive, but not sufficient to infer, a causal

12 relationship. While uncertainty in the measurement of PM 02 5 remains, recent studies provide initial

13 evidence that informs additional uncertainties and limitations identified in the studies evaluated in the

14 2009 PM ISA, specifically potential copollutant confounding; effect modification (e.g., temperature,

15 season); and the shape of the C-R relationship and whether a threshold exists. The evidence for total

16  mortality is supported by consistent positive associations with cardiovascular mortality with less

17 consistent evidence for respiratory mortality; however, there is limited coherence and biological

18  plausibility for cause-specific mortality when evaluating different health endpoints across the scientific
19  disciplines (i.e., animal toxicological, controlled human exposure studies, and epidemiologic) for both

20 cardiovascular (Chapter 6) and respiratory (Chapter 5) morbidity. This section describes the evaluation of
21  evidence for total (nonaccidental) mortality, with respect to the causality determination for short-term

22 exposures to PMis-2 5 using the framework described in Table 11 of the Preamble to the ISAs (U.S. EPA
23 2015b). The key evidence, as it relates to the causal framework, is summarized in Table 11-10.

SECTION 11.3: Short-Term PM10-2.5 Exposure and Total Mortality
August 2018 11-113 DRAFT: Do Not Cite or Quote

ED_002220_00002287-01649



Table 11-10 Summary of evidence that is suggestive of, but not sufficient to infer,
a causal relationship between short-term PM1o-2.5 exposure and total
mortality.

Rationale for Causality

Determination?®

PM1o-25
Concentrations
Associated with

Effects®

Key Evidence® Key References®

Consistent epidemiologic

evidence from multiple,
high quality studies at
relevant PMio-25
concentrations.

Increases in mortality in multicity studies Section 11.3.2 Mean 24-h avg:

conducted in the U.S., Europe, and Asia Figure 11-26 UsS 123
Total mortality associations, supported by Figure 11-27 Europe:
consistent increases in cardiovascular . 7-16
mortality with less consistent evidence for Section 5.3.7 .
respiratory mortality in multicity studies Section 6.3.8 AS'aa
conducted in the U.S., Europe, and Asia. 10.7¢-101
Table 11-1

Epidemioclogic evidence

PMio-25 associations are generally robust,
but there are some instances of attenuation

Section 11.3.4.1

from copollutant models Figure 11-28
provides some support in copollutant models with gaseous pollutants .
for an independent and PM2s. However, there is limited Section 5.3.7.1.1
PM1o-25 association. information on the correlation between Figure 5-46
PM1o-25 and gaseous pollutants complicating Section 6.3.8
the interpretation of results. Copollutant Figure 65
analyses with cardiovascular and respiratory ———
mortality are limited to studies conducted in
Europe and Asia and indicate that PM1o-25
associations generally remain positive,
although attenuated in some instances.
When reported, correlations with gaseous
copollutants were primarily in the low (r < 0.4)
to moderate (r 2 0.4 or <0.7) range.
Uncertainty regarding Across studies PM1o-25 concentrations are Table 11-9

exposure measurement
error

measured using a number of approaches
(i.e., directly measured from dichotomous
sampler, different between PM+o and PM2s at
collocated monitors, and difference of
area-wide concentrations of PM1o and PM2s),
which have not been compared in terms of
whether they have similar spatial and
temporal correlations.

Section 3.3.1.1

Epidemioclogic evidence
provides some support
for a no-threshold
concentration-response
(C-R) relationship.

Initial evidence from a study conducted in Section 11.3.6.2
Europe for a no-threshold relationship, while

a study conducted in Asia along with a

meta-analysis indicating that the shape of the

C-R curve may be different at higher

concentrations.
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Table 11-10 (Continued): Summary of evidence that is suggestive of, but not
sufficient to infer, a causal relationship between
short-term PM10-2.5 exposure and total mortality.

PMio-25
Concentrations
Rationale for Causality Associated with
Determination? Key Evidence® Key References® Effects®
Limited biological Cardiovascular morbidity studies provide Section 6.3.13
plausibility from some evidence for ischemic events from Table 6-58
cardiovascular and epidemiologic studies, but limited 7T
respiratory morbidity experimental evidence resulting in limited
evidence. coherence and biological plausibility for Section 5.3.8
PM1o-25-related cardiovascular effects. Table 5-37

Collectively, there is limited biological
plausibility to support a relationship between
short-term PM1o-25 exposure and
cardiovascular mortality, which comprises
~33% of total mortality.®

Respiratory morbidity studies provide some
evidence for effects on pulmonary
inflammation and function, which is
supported by asthma-related hospital
admissions and ED visits, but overall there is
limited coherence and biological plausibility
for PMio-25-related respiratory effects.
Collectively, there is limited biological
plausibility to support a relationship between
short-term PMzs exposure and respiratory
mortality, which comprises ~9% of total
mortality.©

*Based on aspects considered in judgments of causality and weight of evidence in causal framework in Table | and Table 1l of the

*Describes the key evidence and references, supporting or contradicting, contributing most heavily to the causality determination
and, where applicable, to uncertainties or inconsistencies. References to earlier sections indicate where full body of evidence is
described.

*Describes the PM, 5 concentrations with which the evidence is substantiated.
Median concentration from Lee et al. (2015a).
*Statistics taken from NHLBI (2017).

The evidence from recent multicity studies of short-term PM, s exposures and mortality
demonstrates consistent positive associations with total (nonaccidental) mortality, with increases ranging
from 0.25% (Chen et al,, 2011) to 1.70% (Pascal et al., 2014) at lags of 0 to 2 day in single-pollutant

models. However, across studies different approaches have been employed to measure PMig 2 s

concentrations (i.¢., directly measured from a dichotomous sampler, difference between PMis and PM» s
at collocated monitors, and difference of area-wide concentrations of PMi, and PM; 5), which have not
been compared to determine if their spatial and temporal correlation are similar, contributing uncertainty
assessment of potential copollutant confounding of the PM - s-mortality relationship, and provide some
evidence that PMo 2 s associations remain positive in copollutant models, but there is some evidence that
associations are attenuated (Section 11.3.4.1). Overall, the assessment of potential copollutant

confounding is limited due to the lack of information on the correlation between PMo-2 5 and gaseous
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pollutants and the small number of locations in which copollutant analyses have been conducted.
Analyses of cause-specific mortality provide some supporting evidence for total (nonaccidental) mortality
associations, but overall estimates are more uncertain (1.¢., wider confidence intervals) and less consistent,
there was a limited assessment of potential copollutant confounding, with the pattern of associations and
uncertainties similar to those observed for total (nonaccidental) mortality. The assessment of
cardiovascular (Chapter 6) and respiratory morbidity (Chapter 5) provides limited biological plausibility

e Y . o

for PMio» s-related cardiovascular and respiratory mortality.

9 In addition to examining potential copollutant confounding, a few studies also assessed whether
10 statistical models adequately account for temporal trends and weather covariates. To date, this assessment
11 remains limited, but initial evidence indicates that PMio» s associations may be sensitive to model
12 specification. An examination of whether associations vary by season and temperature provide some
13 evidence that PMio-2 s-mortality associations are larger in magnitude during warmer temperatures and
14 secasons, but this pattern was not evident across all studies (Section 11.3.5.1). Across the studies
15 evaluated, a few conducted systematic evaluations of the lag structure of associations. These studies
16  examined either a series of single-day lags or whether there was evidence of an immediate (lag 0—1),

17 delayed (lag 2—5), or prolonged effect (lag 0—3), and provided initial evidence that the PMig 25 is
18  immediate (i.e., lags 0 to 1 day) (Section 11.3.6.1). At the completion of the 2009 PM ISA no studies had
19 assessed the PMio-2s-mortality C-R relationship, and recent studies have only conducted cursory analyses

20 that do not thoroughly inform the shape of the C-R curve or whether a threshold exists.

21 Overall, recent epidemiologic studies provide additional support of consistent positive

22 associations between short-term PMio 25 exposure and total (nonaccidental) mortality, but there remains a
23 large degree of uncertainty due to the various approaches used to measure PMio-2 5 concentrations. The
24 lack of information on the spatial and temporal correlation between the various measurement approaches
25 reduces the confidence in the associations observed across studies. Additionally, the evidence from the

26 assessment of short-term PMio s exposures and cardiovascular and respiratory morbidity provide limited
27  biological plausibility for PMo-2 s-related mortality. Although recent studies attempt to address

28  previously identified uncertainties and limitations in the PM-2 s-mortality relationship, the overall

29  assessment of potential copollutant confounding, model specification, the lag structure of associations,

30 and the C-R relationship remains limited. Collectively, this body of evidence is suggestive, but not

31  sufficient to infer, that a causal relationship exists between short-term PMio—2.5 exposure and total
32 mortality.

11.4 Long-Term PM1o-25 Exposure and Total Mortality

33 The 2009 PM ISA reported that the evidence was “limited to adequately characterize the
34  association” between long-term PMio— s exposure and mortality (U.S. EPA. 2009), noting that findings
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from the AHSMOG (Chen et al.. 2005; McDonnell et al., 2000) and Veterans (Lipfert et al., 2006)

cohorts provided limited evidence for an association, especially after adjustment for PMz s in the models.

Each of these studies subtracted PM: s concentrations from PMio concentrations to calculate a
concentration for PMig-2 5, contributing to uncertainty in their interpretation. Due to the dearth of studies
examining the association between long-term PM o2 5 exposure and mortality, the 2009 PM ISA
concluded that the evidence was “inadequate to determine if a causal relationship exists” (U.S. EPA,
2009) 8! Recent studies provide some additional evidence to inform the relationship between long-term
PMio-2 5 exposure and mortality, though they often have similar limitations to those noted for studies
included in the 2009 PM ISA.

11.4.1 Biological Plausibility for Long-Term PM1o-2.5 Exposure and Total
Mortality

The preceding chapters characterized evidence related to evaluating the biological plausibility by
which long-term PM,2 5 exposure may lead to the morbidity effects that are the largest contributors to
total (nonaccidental) mortality, specifically cardiovascular and respiratory morbidity and metabolic
animal toxicological, controlled human exposure, and epidemiologic studies. Section 6.4.1 outlines the
available evidence for plausible mechanisms by which inhalation exposure to PM1o-25 could result in
initial events, such as an inflammatory response in the lungs, and limited evidence for altered hemostasis
and arterial thrombosis. Arterial thrombosis can progress to IHD and thus provides a plausible mechanism
characterizes the available evidence by which inhalation exposure to PM -2 5 could progress from initial
events to endpoints relevant to the respiratory system. This includes evidence for markers of oxidative
stress and inflammation and enhanced allergen-induced responses and airway changes that could play a
role in asthma development and/or exacerbation. However, the evidence for how the initial events and
subsequent endpoints could lead to the observed increases in respiratory ED visits and hospital
admissions is limited. Section 7.4.1 outlines the limited evidence for an initial event (i.e., pulmonary
inflammation) that could initiate mechanisms by which inhalation exposure to PMi-25 could progress to
intermediate endpoints and eventually result in population outcomes such as metabolic discase. However,
the evidence for how pulmonary inflammation could lead to metabolic disease is limited. Collectively, the
progression demonstrated in the available evidence for cardiovascular and respiratory morbidity and
metabolic disease provides limited support for potential biological pathways by which long-term PMig-25
exposures could result in mortality.

81 As detailed in the Preface, risk estimates are for a 5 ug/m? increase in annual PM; o 5 concentrations, unless
otherwise noted.
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11.4.2 Associations between Long-Term PM1o-2.5 Exposure and Mortality

Several recent U.S. cohort studies examined the association between long-term PM;y-2 5 exposure

(2009) examined the association between long-term PMis2 5 exposure and total (nonaccidental) mortality

B U N

among a cohort of female nurses in the Nurses™ Health Study from 13 states in the Northeast and Midwest
from 1992 through 2002. Spatio-temporal models were used to assign exposure to PM2 s and PMy,, and
the PMo-» s concentrations were derived via subtraction. The authors observed positive associations with
total (nonaccidental) and CHD mortality, with the strongest association observed for fatal CHD events.
These associations were attenuated to below the null value in copollutant models that include PMa5s.
Using a design similar to that of the Nurses™ Health Study, Puett et al. (2011) investigated the effect of

10 long-term PMio 25 (derived by subtraction of PM, s from PMio) exposure and mortality among men

OvO®w Sy N

11 enrolled in the Health Professionals cohort. Near null associations were observed for both total
12 (nonaccidental) and CHD mortality in this cohort.

13 A European pooled-analysis combined data from 22 existing cohort studies and evaluated the

14  association between long-term PMo-2 5 exposure and total (nonaccidental) (Beelen et al.. 2014a),
15 cardiovascular (Beelen et al., 2014b), and respiratory (Dimakopoulou et al., 2014) mortality. LUR models

16  were used to assign exposure to PM; s and PM,,, and the PMo-2 5 concentrations were derived via

17 subtraction. The authors applied a common statistical protocol to data from each of the 22 cohorts, from
18 13 different European countries, in the first stage of the analysis and combined the cohort-specific effects
19  inasecond stage. The authors observed a near-null association between long-term PMiy-2 5 exposure and

20 total (nonaccidental) (Beelen et al., 2014a), cardiovascular (Beclen et al., 2014b), and respiratory

21 (Dimakopoulou et al., 2014) mortality. The strongest association was observed for the subset of
22 cardiovascular deaths attributable to cerebrovascular disease (HR: 1.17, 95% CI. 0.9, 1.52) (Beelen et al.,

23 2014b), though copollutant models with PM: s were not reported for this comparison. Using the same

24 exposure models used for the pooled cohort study, Dehbi ¢t al, (2016) assigned PMio-2 5 exposure to two

25 British cohort studies that were pooled together to examine CVD mortality. The British cohorts included
26 follow-up between 1989 and 2015, though PMio-2 5 exposure estimates were available for 2010-2011.

27  The authors observed a negative association when exposure was considered on the continuous scale, but
28 positive associations for each quartile when exposure was categorized. However, the confidence intervals
29 were wide and overlapping for all of the results, and the inconsistency may indicate generally null results,
30 butinstability in the model. In a separate European cohort, Bentayeb et al. (2015) used the CHIMERE

31  chemical transport model to estimate PMi, and PMa» s, and then subtracted to estimate long-term PMio-25

32 exposure. The authors observed positive association with total (nonaccidental), cardiovascular, and
33 respiratory mortality, though the association with total (nonaccidental) mortality was attenuated in
34 copollutant models with PM-s. The associations with cardiovascular and respiratory mortality were not

35  evaluated in copollutant models.
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Recent studies are characterized in Table 11-11. While there are more studies available in this

review that examine the association between long-term PMio-2 5 exposure and mortality, the body of

evidence remains limited. In addition, to date all of the studies that have examined the relationship

between long-term PMio2 5 exposure and mortality have used the difference method to derive

concentrations for PMi¢2 5, contributing to the uncertainty associated with these effect estimates. Overall,

there is no consistent pattern of associations for total, cardiovascular, or respiratory mortality. In the

instances where positive associations were observed for long-term PMis-2 s exposure and mortality, and

PM: 5 copollutant model results were reported, the PMio— 5 effect estimates were often attenuated but still

positive after adjusting for PM» 5.

Table 11-11 Epidemiologic studies of long-term exposure to PM1o-2.5 and

mortality.
Single Pollutant
Cohort Mean Exposure Hazard Ratio?® Copollutant
Study Location PMio25ug/m® assessment 95% ClI Examination
McDonnell et al. AHSMOG 27.3 ZIP code Total (men): 1.03 Correlation (r): NA
2000 (U.s) average (0.96, 1.10) Copollutant models
Subtraction Resp (men): 1.09 with:
method (0.94, 1.28) PMzs: Total (men):
Lung Cancer (men): 0.99 (0.91, 1.08)
1.12 (0.79, 1.60) PM2s: Resp (men):
1.03 (0.86, 1.24)
Chen et al. (2005) AHSMOG 254 ZIP code CHD (men): 0.96 Correlation (r): NA
(us.,) average (0.81, 1.14) Copollutant models
Subtraction CHD (women): 1.17 with: NA
method (0.98, 1.40)
Lipfert et al. (2006) Veterans 16 County average Total (men): 1.03 Correlation (r): NA
(U.s) Subtraction (1.01,1.05) Copoliutant models
method with: NA
TPuett et al. {2009 Nurses’ 7.7 Spatio-temporal Total (women): 1.01 Correlation (r): NA
Health (U.S.) models (0.94, 1.09) Copollutant models
Subtraction CHD (women): 1.07 with:
method (0.85, 1.33) PMzs: Total (women):
0.98 (0.91, 1.06)
PMzs: CHD (women):
0.95(0.75, 1.22)
tPuett et al. {2011 Health 10.1 Spatio-temporal Total (men): 0.95 Correlation (r): NA
Professionals models (0.89, 1.03) Copollutant models
(U.s) Subtraction CHD (men): 1.03  with:
method (0.90, 1.18) PMz2s: Total (men):

0.98 (0.90, 1.06)

PMzs: CHD (men):
1.05 (0.90, 1.22)
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Table 11-11 (Continued): Epidemiologic studies of long-term exposure to PM1o-25
and mortality.

Single Pollutant

Cohort Mean Exposure Hazard Ratio? Copollutant
Study Location  PMio-25ug/m® assessment 95% ClI Examination
tBeelen et al. ESCAPE 4.0-20.7 LUR models Total: 1.04 (0.98, Correlation (r): NA
2014a (Europe) Subtraction 1.10) Copollutant models
method with:
PMzs: Total: 1.01
(0.92,1.11)
1TBeelen et al, ESCAPE 4.0-20.7 LUR models CvD: 1.02 (0.91, Correlation (r): NA
2014b (Europe) Subtraction 1.13) Copollutant models
method IHD: 0.92 (0.77, with: NA
1.11)

Ml: 0.88 (0.71, 1.10)
CBVD: 1.17 (0.90,

1.52)
1Dimakopoulou et ESCAPE 4.0-20.7 LUR models Resp: 0.95 (0.76, Correlation (r): NA
al. (2014 (Europe) Subtraction 1.14) Copollutant models
method with: NA
TDehbiet al. (2016) 2 British 6.4 Same exposure CVD: 0.94 (0.56, Correlation (r): NA
Cohorts as ESCAPE 1.60) Copollutant models
with: NA
tBentayeb et al. Gazel 8.0 CHIMERE Total: 1.22 (1.09, Correlation (r): NA
(2015) (France) chemical 1.37) Copollutant models
transport model cyp: 1.32(0.89,  with:
Subtraction 1.91) PM2s: Total: 1.07
Method Resp: 1.27 (0.96, (0.85, 1.37)
1.72)
*Hazard Ratio of mortality per 5 pg/m® change in PMyo-25.
TSiudies published since the 2008 PM ISA.
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1143 Summary and Causality Determination

1 Since the completion of the 2009 PM ISA a number of recent cohort studies conducted primarily
2 inthe U.S. and Europe provide no consistent evidence for positive associations between long-term
3 PMio2s exposure and total (nonaccidental) mortality. In addition to the inconsistent results, all of the
4 studies use the difference of PMio and PM; s (measured at monitors or estimated from models) to estimate
5  PMio s, which continues to be a main uncertainty in the positive associations that are observed in some
6  cohorts and further support that the evidence is suggestive of, but not sufficient to infer, a causal
7  relationship. An additional uncertainty is related to potential copollutant confounding; positive
8  associations observed in the Nurses™ Health Study (Puett et al.. 2009), AHSMOG (McDonnell et al.
9  2000) and ESCAPE (Beelen et al., 2014a) cohorts were attenuated to the null when PM, s was included in
10 the model. The strongest evidence for total mortality comes from the GAZEL cohort (Bentayeb et al.,
11 2013) in France; the authors observed a 22% increase in total mortality associated with increases in
12 PMio2s. This association remained positive in copollutant models with PM: s, but was attenuated and less
13 precise. There is limited information on biological plausibility and limited coherence across scientific
14 disciplines (i.¢., animal toxicological, controlled human exposure studies, and epidemiologic) for
15 cardiovascular (Chapter 6) and respiratory (Chapter 5) morbidity and metabolic disease (Chapter 7). This
16  section describes the evaluation of evidence for total (nonaccidental) mortality, with respect to the
17 causality determination for long-term exposures to PMio-2 5 using the framework described in Table II of
18 the Preamble to the ISAs (U.S. EPA, 2015b). The key evidence, as it relates to the causal framework, is
19  summarized in Table 11-12.
20 Overall, recent epidemiologic studies provide inconsistent evidence for positive associations

21 between long-term PMo-2 5 exposure and total (nonaccidental) mortality. A positive association between
22 long-term PMio 25 exposure and total mortality, which remained positive in copollutant models with

23 PM,s (Bentayeb et al., 2015), provides the strongest evidence for this relationship. However, there

24 remains a large degree of uncertainty due to the various approaches used to measure PMio-2 5

25 concentrations (see Chapter 3). The lack of information on the spatial and temporal correlation between
26  the various measurement approaches reduces the confidence in the associations observed across studies.
27  Additionally, the evidence from the assessment of long-term PMio-2 5 exposures and cardiovascular and
28  respiratory morbidity and metabolic discase provide limited biological plausibility for PMo-» s-related

29 mortality. Although recent studies attempt to address previously identified uncertainties and limitations in
30  the PMis»s-mortality relationship, the overall assessment of potential copollutant confounding remains
31  himited. Collectively, this body of evidence is suggestive of, but not sufficient to infer, a causal

32 relationship between long-term PMyo—2.5 exposure and total mortality.
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Table 11-12 Summary of evidence that is suggestive of, but not sufficient to infer,
a causal relationship between long-term PM1o-2.5 exposure and total

mortality.
Rationale for PM2s Concentrations
Causality Associated with
Determination? Key Evidence® Key References® Effects®
Evidence from Positive associations from several cohort  Table 11-11 Mean concentrations
multiple studies, but not a consistent pattern of across cities:
epidemiologic associations for total mortality 4.0-27.3 pg/md

studies is generally
supportive but not
entirely consistent

Uncertainty PMio-25 effect estimates often attenuated Section 11.3.2
regarding after adjustment for PMzs

epidemiologic

evidence from

copollutant models

to support and

independent

PM1o-25

association

Uncertainty Across studies, PM1o-25 concentrations  Table 11-11
regarding exposure are measured using a number of Section 3.3.1.1

measurement error approaches (i.e., directly measured from
dichotomous sampler, difference between
PM+o and PMas concentrations measured
at collocated monitors, and difference of
area-wide concentrations of PM1o and
PMz2s), which have not been compared in
terms of whether they have similar spatial
and temporal correlations

Biological Expanded body of evidence provides Section 6.5.2 and Mean (across studies):
plausibility from some evidence for associations between Section §.5.5 7.3-31.0 ug/m>
studies of long-term PMio-25 exposure and IHD and

cardiovascular stroke

morbidity

PM, s = particulate matter with a nominal aerodynamic diameter less than or equal to 2.5 pm; PMg-25 = particulate matter with a
nominal aerodynamic diameter less than or equal to 10 pm and greater than a nominal diameter of 2.5 pm.

“Based on aspects considered in judgments of causality and weight of evidence in causal framework in Table | and Table Il of the
Preamble.

®Describes the key evidence and references contributing most heavily to the causality determination and, where applicable, to
uncertainties or inconsistencies. References to earlier sections indicate where the full body of evidence is described.

*Describes the PM,o-25 concentrations with which the evidence is substantiated.

11.5 Short-Term UFP Exposure and Total Mortality

1 The 2009 PM ISA concluded that the “epidemiologic evidence is inadequate to infer a causal
2 relationship between short-term UFP exposure and mortality”™ (U.S. EPA, 2009). In both the 2004 PM
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AQCD and the 2009 PM ISA a few studies examined the association between short-term UFP exposure
and mortality with all of the studies being conducted in Europe. Across studies there was inconsistency in
the lag structure of associations, which was not consistent with the lag structure observed for other PM
size fractions, and the interpretation of the evidence was further complicated by the correlation between
UFPs and gaseous copollutants, specifically from combustion sources. Additionally, at the completion of
the 2009 PM ISA inherent limitations across all UFP epidemiologic studies was evident and also
applicable to the mortality studies. Specifically, it was noted that there is a relatively limited amount of

monitoring data within the U.S. that is reflected by no U.S. based studies focusing on short-term UFP

NoRie T B R T IS S O R

exposure and mortality; limited information on the spatial and temporal variability in UFP concentrations;

—
<

and limited data on the spatial and temporal evolution of UFP size distributions along with data on the
composition of UFPs (U.S. EPA, 2009).

[u—
[

12 Within this ISA, the evaluation of the relationship between short-term exposure to PM, s and

13 PMio-25 and mortality focuses on studies that further characterize the relationship, or addresses

14  uncertainties and limitations in the evidence, respectively (Section 11.2.1 and Section_11.3.1). For UFPs,

15 the literature base for all health effects, not just mortality, is much smaller than that for the other PM size

16  fractions. An overall limitation in the health evidence that has complicated the interpretation of results

17 across studies, both those evaluated in the 2009 PM ISA and recent studies that specifically examined

18  associations between short-term UFP exposure and mortality, is the different exposure metrics used

19  (i.e., number concentration [NC], mass concentration [MC], surface arca concentration [SC]). As detailed
20  inthe Preface, the evaluation of the evidence for UFPs relies on studies that examine MC and SC for

21 particles < 0.3 um and NC any size range that includes particles <0.1 um (see Preface).

22 As detailed 1n Section 11.1.2, within this section the discussion will focus on the evaluation of

23 multicity studics, but a stronger reliance on large single-city studies due to most UFP and mortality

24 studies to date occurring in individual cities. Additionally, compared to studies that examined short-term
25 exposure to PM; s and PMo-2 5 and mortality, most recent studies of UFPs have not focused on total

26  (nonaccidental) mortality, but instead on cause-specific mortality. As such, cause-specific mortality

27 studies will be discussed in more detail within this section compared to the sections on PM, s and

28  PMio-2s. The multicity and single-city studies discussed throughout this section, along with study-specific
29  details, air quality characteristics, including size fraction and exposure metric, and the location of UFP

30 monitor(s) is detailed in Tablg 11-13.
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Table 11-13 Study-specific details and UFP concentrations from studies in the
2009 PM ISA and recent studies.

UFP

Location

Study/Location/Years/ Metric/Size Upper of UFP  Copoliutant
Mortality Outcome(s) Range Mean Percentiles Monitor(s) Examination Results
Breitner et al. (2009) NC (cm™) 12,910 - One Correlation (r): % Increase
Erfurt, Germany 10—100 nm® monitor 0.62 NOg, (95% CI)
1991-20022 1 kmsouth 0.51 CO, (per 8,439 cm®)
Total of city 0.57 PMuo, 9/1995-2/1998"
center and 0.48 PMzs 5.5 (1.1, 10.5);
40 mfrom  copollutant  lag 0-5 3/1998—
nearest  odels 3/2002:
major examined ~11(-6.8 4.9)
road® with: NOz, lag o£5 849
CO, PMuo,
PMoa.s
Stélzel et al. (2007) NC (cm™). NC NC: One Correlation % Increase
Erfurt, Germany 10-30 nm 10— - 10—30 nm  monitor (ne (95% CI) B
1895-2001 Sotoomm 0016 ot 21327 ofcty . OSSN | [per BB AMY
; ; —iunm 9, c2h, ot city ize fracti Total:
Total cardio-respirator size fractions)
piratory 10-100¢ nm  30_ 30-50 nm  centerand g gp- 2.9(0.3, 5.5);
50 nm;  75th: 3,502 40mfrom g9 NO, lag 4
2,801 95th: 6,870 Mearest 050 Cardio-
50— 50-100 nm majorroad 67 NO respiratory:
100 nm:  75th: 2,147 0.50-0.62C0O 3 1(0.3, 6.0);
1,731 95th: 4,202 8-‘7‘2-PM lag 4
10- 10-100 nm ' 10
100 nm:  75th: 17,030 Copollutant
13,491  95th: 31,253 models
examined
with: NOg,
NO, CO
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Table 11-13 (Continued): Study-specific details and UFP concentrations from
studies in the 2009 PM ISA and recent studies.

UFP Location
Study/Location/Years/ Metric/Size Upper of UFP  Copoliutant
Mortality Outcome(s) Range Mean Percentiles Monitor(s) Examination Results
Kettunen et al. (2007) NC (ecm-3)  Cold: Cold: 1998— Correlation (r): % Increase
Helsinki, Finland <100 nm 8,986" 75th: 13,970 2001: One Cold (95% Cl)
1998-2004 Warm: Max: 52,800 monitoron g 37 pMas (per 4,979 cm)
Stroke 7,587°  Warm: 20mhigh g 33pM  8.5(-1.2,19.1)
75th: 11,100 Peninsular o 18 pMigos 129 1
Max: 23,070 @ few 0.47 CO
hundred -0.10 Oa
meters g .68 NO;
from urban
areas Warm
0.30 PM2s
8/2001= " 0 44 PM1o
2004: 0.47 PM1o-25
hilltop 0.39 CO
3 km from 0.03 O3
original 061 NO,
site
4th ’floor of Copoliutant
offce e
?ggdr'gg' with: NR
from major
highway
Thanzinger et al. (20169 NC (cm®) 20— Max: One urban Correlation (r): % Increase
Five Central European cities  20-100 nm 100 nm: 20100 nm: or 20-100 nm:  (95% Cl)
(UFIREG) 50-800 nm 4197 13,920~ suburban  0.26— (20-100 nm:
2011-2014 5,880 28,800 back—d " ggg NO2 per 2,750 em™2
i 20— 20-800 nm; groundsie U.-9- 20-800 nm:;
:—eostzilr;tagg;ovascmar 800 nm: 16,710— |n_each Clty 0.43 PM1o 3,675 cm’3)
5,799-7, 29,470 withno  0.40- Total
775 heavy 0.51 PM1o-25 50-100 nm
traffic 0.25- )
roadsin  0.37 PMzs Pa; (()__210 2.4)
|mr_n_ed|ate 20-800 nm: 20-800 nm
vicinity 0 45—
0.62 NO2 -0.2(-2.4,2.1),
0.54— lag 0-1
0.59 PM1o Cardiovascular:
0.45- 20-100 nm
0.58 PM1o-25 —0.2(-5.5, 5.4);
0.49— lag 0-5
0.50 PM2s 20-800 nm
Copoliutant ~0.1(-5.5,5.6),
models lag 2-5
examined Respiratory:
with: NR 20-100 nm
9.9 (6.3, 28.8),
fag 0-5
20-800 nm
5.8 (-6.4, 19.7),
lag 2-5
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Table 11-13 (Continued): Study-specific details and UFP concentrations from
studies in the 2009 PM ISA and recent studies.

UFP Location
Study/Location/Years/  Metric/Size Upper of UFP  Copoliutant
Mortality Outcome(s) Range Mean Percentiles Monitor(s) Examination Results
TStafoqygia et al. (2017) NC (em™3)  5,105- 75th: One urban Correlation (r): % Increase
Eight European cities 4-3,000 nm 34,046 6,382— or 0.13 (95% Cl)
1999-2013 44,208 suburban  0.51 PMo, (per 10,000 cmy
- — 3
Total cardiovascular 95th: back 0.07 )
; 9 998~ ground 0.56 PMas, Total:
respiratory ; k :
73 044 site, 0.09- 0.35 (~0.05
' except for 0.41 PMio-2s5, = ( e
Rome,  0.28- 0.75) lag &
which was  0.69 NO», (Quantitative
oriented 0.07- results not
near traffic 0.67 CO, presented for
sources -0.52-0.19 Os cardiovascular
Copollutant and re_splratory
mo%els mortality.)
examined
with: PMuo,
PMos,
PM1o-25, NOz,
CO, O3
tSamoli et al. (2016) NC (cm™3)¢  Total: 90th: One urban Correlation (r): % Increase
London, UK. Total: 12,1231 Total: back- NR (95% Cl)
2011-2012 <3,000 nm  Urban 17,901 ground site  copoliutant 2%6636180 cm®)
Total cardiovascular Source back- Urban models ,OUU M
respiratory specific: ground: background: examined Total:
<600 nm 1,893 4,442 with: NR -0.06 (-1.18,
Nuclea-  Nucleation: 1.06); lag 1
tion: 2797 991 Cardiovascular:
Second-  Secondary: -2.04 (-3.94,
ary: 104F 622 -0.10); lag 1
Traffic: Traffic: Respiratory:
2,355f 3,950 —-1.86 (-4.50,
0.86); lag 2

SECTION 11.5: Short-Term UFP Exposure and Total Mortality

August 2018

11-126

DRAFT: Do Not Cite or Quote

ED_002220_00002287-01662



Table 11-13 (Continued): Study-specific details and UFP concentrations from
studies in the 2009 PM ISA and recent studies.

UFP Location
Study/Location/Years/ Metric/Size Upper of UFP  Copoliutant
Mortality Outcome(s) Range Mean Percentiles Monitor(s) Examination Results
tBreitner et al. (2011) NC (em™3)  NCf NC One urban Correlation (r). % Increase
Beijing, China <30 nm <30 nm: <30 nm: back- NR (95% ClI)
3/2004-8/2005 30-100 nm 10,430 75th: 17.120 gr;)und sitt Copollutant Cardiovascular:
Cardiovascular ischemic <800 nm  30- Max: 61 930 ﬁuﬁ\évred models NC; lag 0-4
heart disease SG 5 100 nm; 30 100' . meters examlned <30 nm (per
cerebrovascular cmé)“m 13,260 -0 nm. from a with: NR 7,448 cm3)
<800 nm; /Ot 16380 o road 2.13 (~1.80,
0.1-03pm . cqo  Max: 31,080 6.22)
3 ]
MC (ug/m?) sc! <800 nm: 30-100 nm (per
0.1-0.3 pm 0.1— 75th: 40,690 4,150 cm™3)
03um  Max: 86,820 2.99 (-0.66,
6.77)

567.0 8C <800 (

f _ : nm (per

o oo

8-;“ _ o9, 4.19 (~0.76,

O MMM Max: 2,076.0 9.37)

27.8 MC SC: lag 04
0.1-0.3 um: 0.1-0.3 um (per
75th: 40.2 265.9 um?2 cnr3)
Max: 105.1 0.24 (-2.72,

3.29)
MC; lag 0-4
0.1-0.3 pym (per
14.0 pg/md)
0.13 (-2.87,
3.23)
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Table 11-13 (Continued): Study-specific details and UFP concentrations from
studies in the 2009 PM ISA and recent studies.

UFP Location
Study/Location/Years/ Metric/Size Upper of UFP  Copoliutant
Mortality Outcome(s) Range Mean Percentiles Monitor(s) Examination Results

TlLeitte et al. (2012) NC (em™3)  3-10nm:  95th: One urban Correlation (r). % Increase
Beijing, China 3-10nm 4700 3-10nm:  back- Across NC — (95% Cl);
3/2004-8/2005 10-30 nm 10— 11,000 ground size fractions lag 0-4
Respiratory 30-50 30 nm: 10-30 nm: e 20m g o3 3-10 nm (per
—oU M 8600 14.000 aboved 0.60 PM1o, 5,300 cm?)
50-100 NM ' ground,  _g 06~ _
3-100 nm - 30-50nm: and500m 550, 46(-5.4,156)
50 nm: 8,200 from major _; ' 10-30 nm (per
3-1,000 5,700 Jor -0.33~
Lol nm 5‘0 100 50-100 nm  road 0.69 NO» 5,300 cm3-)
—-100 n 3
m: 7.700 11,400 Copollutant 3.5(-85,17.1)
o 3-100 nm: models 30-50 nm (per
:1360 m: 39,000 examined 2,700 cm3)
57000 971,000 nm: with: PMio, -1.7 (-11.7,
3 1 000 46,000 802, NO2 9.4)
ame 50-100 nm (per
34 OOO 3,800 cm‘s)
’ 1.8(-8.0, 12.7)
3-100 nm
(13,000 cm3)
3.9(-7.3,16.4)
3-1,000 nm

(per 14,000 cm-
%)
8.9(-3.8, 16.4)

MC = mass concentration; NC = number concentration; SC = surface area concentration.

2Study period 1 October 1991 through 31 March 2002.

°Also examined associations with NC 0.01-0.03 pm, 0.03-0.05 ym, and 0.05-0.1 ym.

‘Particle size distribution measured winter 1991-1992 and 1995 onward, UFP measurements imputed for missing time periods.
dMissing data imputed.

*Correlations reported only for other NAAQS pollutants.

Median concentration.

9PM only measured in four of the five cities.

"For one city the range was 0.02-0.5 uym.

iOnly three cities explicitly measured particles in the ultrafine range (i.e., <100 nm), and each city had o have at least 3 years of
continuous data.

INC used as a proxy for UFPs because only three cities explicitly measured UFPs.

“Monitor used for total NC had upper size limit of 3 ym while the monitor used for the source apportionment NC collection had an
upper size limit of 0.6 pm.

+Studies published since the 2009 PM ISA.
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11.51 Biological Plausibility for Short-Term UFP Exposure and Total
Mortality

The preceding chapters characterized evidence related to evaluating (to the extent possible) the
biological plausibility by which short-term UFP exposure may lead to the morbidity effects that are the
largest contributors to total (nonaccidental) mortality, specifically cardiovascular and respiratory
morbidity (Section 6.5.1 and Section 5.3.1, respectively). This evidence is derived from animal
evidence for plausible mechanisms by which inhalation exposure to UFP could result in cardiovascular
effects. Similarly, Section 5.5.1 characterizes the available evidence by which inhalation exposure to UFP
could progress from initial events to endpoints relevant to the respiratory system. While there is some
evidence for initial events, including injury, inflammation and oxidative stress, the evidence for how these
initial events could lead to the subsequent endpoints, and eventually increases in respiratory emergency
department (ED) visits and hospital admissions is limited. Collectively, there is limited available evidence
for cardiovascular and respiratory morbidity supporting potential biological pathways by which short-
term UFP exposures could result in mortality.

11.5.2 Associations Between Short-Term UFP Exposure and Total
Mortality in Multicity Studies

The majority of recent studies examining the association between short-term UFP exposure and

mortality have primarily been conducted in individual cities. Lanzinger ¢t al. (2016} and Stafoggia et al.

(2017} represent the initial multicity studies that examine the relationship between short-term UFP

exposure and mortality. Lanzinger et al. (2016) in the UFIREG project (Ultrafine particles—an evidence

based contribution to the development of regional and European environmental and health policy)

focused on examining short-term UFP exposure and mortality in five cities in Central and Eastern Europe,

but was limited to approximately 2 vears of data in each city. Stafoggia et al. (2017) examined short-term
UFP exposure and mortality in a study that consisted of eight European cities mostly in Western Europe
with at least 3 years of data in each city. Within Lanzinger et al. (2016) the UFP fraction was divided into

two distinct metrics, and referred to as UFPs where NC was estimated for sizes ranging from 20 to
100 nm and a NC specific metric that included sizes ranging from 20 to 800 nm with one city having a

smaller range of 20 to 500 nm. This approach differed from Stafoggia et al. (2017) where across cities
only three explicitly measured particles within the traditional ultrafine range of <100 nm; as a result, NC
was used as a proxy for UFPs in cach city.

In a time-stratified case-crossover analysis, Lanzinger et al. (2016) examined immediate (lag

0-1), delayed (lag 2—35), and prolonged (lag 0—5) effects of UFP and NC exposure on mortality. Across

all of the lags examined for UFP and NC, the authors observed no evidence of an association for total
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(nonaccidental) or cardiovascular mortality. Lanzinger et al. (2016) reported a positive, but imprecise,

association with respiratory mortality for UFP and NC across all lags with the association largest in
magnitude for UFP at lag 0—5 (9.9% [95% CI: —6.3, 28.8] per 2,750 cm?and NC at lag 25 (5.8% [95%
CI. —6.4, 19.7] per 3,675 cm™). No evidence of an association was observed with respiratory mortality
and the other PM size fractions examined. Although some sensitivity analyses focusing on model
specification were conducted based on the UFP—respiratory mortality association, the wide confidence

intervals complicate the interpretation of these analyses.

While Lanzinger et al. (2016) focused on examining the lag structure of associations across

different multiday lags, Stafoggia et al. (2017) focused on examining whether there was evidence of an

association between short-term UFP exposure and mortality across a range of single-day lags (i.e., 0 to

10 days). Across the single-lag days examined, the authors reported evidence of positive associations with
total (nonaccidental) mortality at lags 5 through 7 ranging from 0.32-0.37%, with associations largest in
magnitude for respiratory (lag 6) and cardiovascular (lag 7) mortality also within this range, although
focused specifically on associations reported for lag 6, where single-pollutant models resulted in a 0.35%
increase in total (nonaccidental) mortality (95% CI. —0.05, 0.75) for a 10,000 particle/cm® increase in
24-hour average NC.

The results from copollutant analyses indicate that associations with total (nonaccidental)
mortality are relatively unchanged in models with CO (0.30%) and O3 (0.27%), while there was some
evidence of an attenuation in models with PMiq (0.22%). The authors reported no evidence of an
association with NC in copollutant models with PMz 5, PMio-25, and NOg, providing some evidence of
potential confounding. Complicating the overall interpretation of results from Stafoggia et al. (2017} 1s

that further analysis of the pooled results across cities identified that the positive association observed at
lag 6 was largely driven by the city of Rome. As a resuli, when excluding Rome from the meta-analysis
there was no evidence of an association between short-term NC exposure and total (nonaccidental)

mortality.
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Figure 11-30  Percent increase in total (nonaccidental), cardiovascular, and
respiratory mortality across eight European cities for a
10,000 particle/cm?® increase in 24-hour average number
concentration (NC) across lags 0 to 10 days.

11.5.3 Associations Between Short-Term UFP Exposure and Total
Mortality in Single-City Studies

Recent single-city studies all examined a number of different size fractions of particles within the
ultrafine range along with exposure metrics, as detailed in Table 11-13. In many cases the size fractions
examined are a reflection of the monitor used. For example, some monitors that measure NC result in a
considered a proxy for UFP exposure due to the potential for particles larger than the traditional 100 nm
cutoff for UFPs being included in the measurement (Section 2.4.3.1). Overall, the inconsistency in the
size fractions examined across studies complicates the interpretation of results, but collectively can

inform if there is evidence of a relationship between short-term UFP exposure and mortality.

The single-city studies conducted to date that examined short-term UFP exposure and mortality
are limited to Europe and Asia. Samoli et al. (2016) in a study conducted in London, UK. used a
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traditional source apportionment method (i.e., positive matrix factorization) to identify UFP sources based
on NC data. The source apportionment analyses identified four sources each with a different peak in the
size distribution: urban background (30 nm), nucleation (70 nm), secondary (20 nm), and traffic

(250 nm). In analyses focusing on total (nonaccidental) and cardiovascular mortality at lag 1 and
respiratory mortality at lag 2, the authors reported no evidence of an association with total NC. When
examining source-specific NC, a small positive association was observed for total (nonaccidental)
mortality and nucleation and traffic sources (~0.20% increase), but confidence intervals are wide. There
was no evidence of an association with any NC sources and cardiovascular mortality with evidence of a
positive association between respiratory mortality and only the urban background source (1.4% increase
[95% CT: —0.97, 3.89] for a 1,806 number/cm® increase). When measuring NC, although a large

with different size ranges for the NC and source-specific NC analysis, resulting in some degree of
uncertainty when comparing the NC and source-specific NC results.

The single-city studies conducted in China systematically examined various UFP size fractions

and exposure metrics. Breimer et al. (2011) and Leitte et al. (2012) were both conducted in Beijing, China

over the same study duration, but focused on different UFP size fractions and metrics as well as mortality

outcomes. Both Breitner et al. (2011) and Leitte et al. (2012) examined some particle size ranges that are

outside the scope of the UFP - mortality evaluation and are detailed in Section 11.1.9. Breitner et al.

(2011} in a study focusing on cardiovascular-related mortality, in addition to focusing on NC, converted
NC to SC, assuming spherical particles with constant density, and MC, assuming a density of 1.5 g/cm®.
For cardiovascular mortality, the authors observed positive associations, but with wide confidence
intervals for all NC metrics at lag 0-4 days (see Table 11-13). Positive, but uncertain, associations were
also observed for SCo 103 and MCo 1.03 at lag 0—4 days (SCo1-03: 0.24% [95% CI: =2.72, 3.29] per IQR
[265.9 pmZcm® |; MCo103: 0.13% [95% CI: —2.87, 3.23] per IQR [14.0 pg/m’]). When comparing the
multiday lag results to single-day lags, there was variability in the magnitude and direction of the
association across single-day lags across metrics, while the multiday average lag was consistently
positive. A similar pattern of associations was observed for ischemic heart disease mortality. Copollutant
models focused only on the Aitken mode particles and NC, at lag 2. Across the copollutant models, when
including the other size fractions examined in the model ranging up to 1 um, both Aitken mode particles

(0.03—0.1 um) and NC1 (<0.8 um) associations were robust. Breitner et al. (2011} also examined whether

the UFP associations were modified by specific types of air masses identified through cluster analysis.
The authors did not observe any evidence that air mass origin modified NC associations, however,
mortality associations at lag 2 for the SC and MC metrics were stronger for air masses representative of

stagnant air masses and air masses originating from Southern China.

Unlike Breitner gt al, (201 1), Leitte et al. (2012) only focused on NC metrics and respiratory

mortality. Across the different UFP size fractions, the authors reported consistent positive associations
between respiratory mortality and NC for all particle fractions between 3 nm and 1 pm at lag 2, but
confidence intervals were wide. Focusing on lag 0—3 days, the strongest association was observed for
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NCial, which was defined as particles ranging in size from 3 nm—1 um where Leitte et al. (2012) reported
an 8.9% (95%CT: 3.8, 23.3%) increase in respiratory mortality per IQR increase (14,000 cm®). In
comparison, for UFP, which was defined as particles ranging in size from 3—100 nm, the authors
observed a 3.9% (95%CI: —7.3, 16.4%) increase per IQR increase (13,000 cm®"). When comparing the
results from single-day lags to multiday averages (i.¢., 0—4 and 0—5 days), the magnitude of the
association between all of the size fractions, except the 30—-50 nm size fraction, and respiratory mortality
were larger in magnitude, but the confidence intervals were also larger compared to the single-day lag

estimates. Whereas Breitner et al. (2011) only focused on copollutant models with other UFP size

fractions, Leitte et al. (2012} examined gascous pollutants, for NCyw and found associations remained

Leitte et al. (2012} also examined potential modification of the respiratory mortality and UFP
relationship by different air masses, focusing on the NC..; fraction, and similar to the cardiovascular

mortality results in Breitner et al. (2011) observed some evidence that particularly stagnant air masses as

well as air masses originating from some arcas of China may modify the NCiowi association.
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Figure 11-31  Association between short-term number concentration
(NC)300-1,000 and NCrotal exposure in single and copollutant
models and respiratory mortality in Beijing, China.

11.54 Summary and Causality Determination

Compared to the examination of other PM size fractions, a smaller number of studics have
examined the association between short-term UFP exposure and total (nonaccidental) mortality. At the
completion of the 2009 PM ISA, the overall body of evidence was limited and based on a few single-city
studies that provided some evidence of positive associations, but at lags longer than those observed for
other PM size fractions. Recent evidence from both multi- and single-city studies provides additional
nsight on the relationship between short-term UFP exposure and mortality, but the uncertainties and
limitations in the evidence identified in the 2009 PM ISA remain, including, but not limited to: the metric
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to examing UFP exposures (i.e., NC, SC, or MC); the size range to consider when examining UFP
exposures; exposure measurement error due to the spatial and temporal variability in UFPs; and the
correlation between UFPs and gaseous pollutants, which collectively continue to support that the evidence
is inadequate to infer a causal relationship. Although there is evidence of positive associations for NC for
different size fractions in a few studics, confidence intervals are often wide, and studies did not monitor
and, subsequently examine, the same UFP size fractions complicating the interpretation of results across
studies. Additionally, there is limited and inconsistent cardiovascular (Chapter 6) and respiratory
(Chapter 5) morbidity evidence to provide biological plausibility to support the positive associations
observed in some studies for total mortality. This section describes the evaluation of evidence for total
(nonaccidental) mortality, with respect to the causality determination for short-term exposures to UFPs
using the framework described in Table II of the Preamble to the ISAs (U.5. EPA, 2015b). The key

evidence, as 1t relates to the causal framework, 1s summarized in Table 11-14.

Recent multi- and single-city studies that examined the association between short-term UFP
exposure and total (nonaccidental) mortality provide inconsistent evidence of a positive association,
which is further supported by studies that examined cardiovascular and respiratory mortality. The
evaluation of the evidence from recent studies is complicated by the different UFP size fractions
examined and exposure metrics used (i.e., NC, SC, and MC). Across studies, the majority primarily
examined UFP associations using the NC metric, but the range of size fractions examined varied
preventing a complete comparison of the pattern of associations across studies. Of the few studies that
examined copollutant confounding, the focus was on examining associations with NC. In the assessment
of copollutant confounding, the NC size fractions examined varied from focusing on a specific size
fraction range (¢.g., 0.03—0.1 um) to total NC. The copollutant model results provided evidence that the
NC associations were both robust and sensitive to adjustment depending on the PM size fraction and

gaseous pollutant included in the model.

Across epidemiologic studies that examined short-term UFP exposure and mortality, an inherent
limitation is the use of primarily one monitoring site to estimate exposure, which potentially contributes
to exposure measurement error. The potential for exposure measurement error is reflected in the limited

number of studies demonstrating greater spatial variability in UFP concentrations (i.¢., NC) as well as

concentrations (i.c., NC) over an urban area (Section 2.5.2.2.3).
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Table 11-14 Summary of evidence that is inadequate to infer the presence or
absence of a causal relationship between short-term UFP exposure
and total mortality.

Rationale for Causality
Determination?

Key Evidence®

Key References®

UFP
Concentrations
Associated with

Effects®

Inconsistent
epidemiologic evidence
from a limited number of
studies at relevant UFP
concentrations

Some evidence of positive, but imprecise,
increases in mortality in multicity and single-
city studies conducted in Europe and Asia,
with no studies conducted in the U.S.

Limited evidence of positive associations for
cardiovascular and respiratory mortality in
multi- and single-city studies conducted in
Europe, and Asia, with no studies conducted
inthe U.S.

Section 11.5.2
Section 11.5.3
Table 11-13
Section 5.5.8
Section 6.5.8

24-h avg:

NC: Variability in
UFP size ranges
examined prevents
providing a range.
SC (Um? cmrd)
0.1-0.3 pm: 567.0
MC (ug/m®)
0.1-0.3 ym: 27.8

Limited epidemiologic
evidence from copollutant
models for an
independent UFP
association

Some evidence that UFP associations using
the NC metric are relatively unchanged with
CO and O3 and other NC size ranges, but
potentially attenuated with PM2s, PM1o-2.5,
and NOa.

Section 11.5.2
Section 11.5.3

Uncertainty regarding
exposure metric and UFP
size fraction

Inconsistency in the UFP metric used

(i.e., NC, SC, and MC) and UFP size fraction
examined complicating interpretation of
results across studies.

Section 11.4.1

Uncertainty regarding
exposure measurement
error

All studies relied on one monitor to measure
UFPs, which is inadequate based on limited
data demonstrating both that there is greater
spatial variability in UFPs (i.e., NC) and that

Section 2.5.1.1.9

Section2.5.1.2.4
Section 2.56.2.2.3

the particle size distribution changes with Section 3.4.5
distance from source. Additionally, there is Table 11-13
limited information on the temporal variability
in UFP concentrations.

Limited and inconsistent  Limited evidence from studies examining Section 5.5

evidence for biological
plausibility from
cardiovascular and
respiratory morbidity

short-term UFP exposure and respiratory and geetion 6.7

cardiovascular effects provide limited
biological plausibility for a relationship
between short-term UFP exposure and
cardiovascular- and respiratory-related
mortality.

“Based on aspects considered in judgments of causality and weight of evidence in causal framework in Table | and Table 1l of the

Preamble to the 1ISAs (U.S. EPA, _2015h).

®Describes the key evidence and references, supporting or contradicting, contributing most heavily to the causality determination
and, where applicable, to uncertainties or inconsistencies. References to earlier sections indicate where full body of evidence is

described.

‘Describes the UFP concentrations and metric (i.e., number concentration [NC], surface area concentration [SC], mass
concentration [MC]) with which the evidence is substantiated.
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Overall, recent epidemiologic studies that examined short-term UFP exposure and mortality
provide limited and inconsistent evidence of a positive association in both single and copollutant models.
There is also limited evidence of biological plausibility from the assessment of short-term UFP exposures

size fractions examined, which complicate the interpretation of results, along with the potential for
exposure measurement error due to uncertainty in the spatial and temporal variability in UFP
concentrations. Collectively, the epidemiologic evidence is inadequate to infer the presence or

absence of a causal relationship between short-term UFP exposure and total mortality.

11.6 Long-Term UFP Exposure and Total Mortality

The 2009 PM IS A reported that no epidemiologic studies evaluated the effects of long-term UFP
exposure and mortality, concluding that the evidence was “inadequate to determine if a causal
relationship exists between long-term UFP exposure and mortality.” A recent study provides some
additional evidence to inform the relationship between long-term UFP exposure and mortality, though the

overall evidence base remains limited.

11.6.1 Biological Plausibility for Long-Term UFP Exposure and Total
Mortality

The preceding chapters characterized evidence related to evaluating the biological plausibility by
which long-term UFP exposure may lead to the morbidity effects that are the largest contributors to total
(nonaccidental) mortality, specifically cardiovascular and respiratory morbidity (Section 6.6.1 and
Section 5.6.1, respectively). This evidence is derived from animal toxicological, controlled human
exposure, and epidemiologic studies. Section 6.6.1 outlines the available evidence for plausible

mechanisms by which inhalation exposure to UFPs could result in nitial events to endpoints relevant to
inhalation exposure to UFPs could progress from initial events to endpoints relevant to the respiratory
system. This evidence is limited to several experimental studies of oxidative stress and inflammatory
changes that do not provide consistent evidence for initial events or progression along a plausible
pathway from UFP exposure to respiratory health endpoints. Collectively, there is limited available
evidence for cardiovascular and respiratory morbidity supporting potential biological pathwavs by which

long-term UFP exposures could result in mortality.
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11.6.2 Associations between Long-Term UFP Exposure and Total
Mortality

In 2009, Hoek et al. (2009} published an expert elicitation in which 11 European experts in

epidemiology, toxicology and clinical science were asked to quantify the relationship between UFP
exposure and health endpoints, including mortality. The experts emphasized that the lack of studies
examining long-term UFP exposure and mortality contributed greatly to the uncertainty of this
relationship. The experts were asked to estimate the “percent change in annual, total (nonaccidental)
mortality in the general EU [European Union] population resulting from a permanent 1,000 particles/cm?
reduction in annual average UFP across Europe (given a population-weighted baseline concentration of
20,000 particles/cm?).” While there was substantial variability, the median response from the experts was
a 0.30% decrease in annual, total (nonaccidental) mortality, though none of the experts excluded the

possibility that UFPs had no effect. In a recent study, Ostro et al. (2015) examined the association

between UFP (<0.1 pm) mass concentrations and mortality among women in the California Teachers
Cohort. The authors used a chemical transport model to predict UFP concentrations with a 4-km spatial
resolution, observing a positive association with IHD mortality (HR: 1.10; 95% CI: 1.02, 1.18, per
0.969 pg/m?® increase). Associations with total (nonaccidental), cardiovascular, and respiratory mortality

were near the null value.

Overall, the literature base for long-term UFP exposure and mortality remains very small, with

one study (Ostro et al., 2015) reporting results for UFP mass concentration. There are no studies that

examine UFP number concentration. An expert elicitation conducted in Europe (Hoek et al.. 2009) asked

experts in epidemiology, toxicology and clinical sciences to review the available evidence for the health
effects of UFPs. The experts concluded that long-term exposure could affect mortality risk, but due to the
small literature base and associated uncertainties, they could not rule out the possibility of no UFP effect
on mortality.

11.6.3 Summary and Causality Determination

This section describes the evaluation of evidence for total (nonaccidental) mortality, with respect
to the causality determination for long-term exposures to UFPs using the framework described in Table 11
of the Preamble to the ISAs (UU.S. EPA, 2015b). The key evidence, as it relates to the causal framework, is

summarized in Table 11-15. Compared to the examination of other PM size fractions, a smaller number of

studies have examined the association between long-term UFP exposure and total (nonaccidental)
mortality. At the completion of the 2009 PM ISA, there were no available studies examining long-term
UFP exposure and total mortality. Recent evidence from the CA Teachers cohort provides little insight on
the relationship between long-term UFP exposure and mortality due to generally null associations and the
uncertainties and limitations in the evidence base. Additionally, there is limited and inconsistent
cardiovascular (Chapter 6) and respiratory (Chapter 5) morbidity evidence to provide biclogical
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plausibility to support an association between UFPs and total mortality. Overall, the evidence is

inadequate to infer the presence or absence of a causal relationship between long-term UFP

exposure and total mortality.

Table 11-15 Summary of evidence that is inadequate to infer the presence or
absence of a causal relationship between long-term UFP exposure
and total mortality.

Rationale for
Causality
Determination?®

Key Evidence®

PM25 Concentrations
Associated with
Key References® Effects®

Limited and
inconsistent
epidemiologic
evidence

Single study observes generally null
association with total mortality

Ostro et al. (2015) 1,293 ng/m®

Uncertainty
regarding potential
confounding by
copollutants

No studies examine potential
confounding of UFP associations by
copollutants

Section 11.6.2

Uncertainty
regarding exposure
measurement error

Chemical transport model to predict UFP
concentrations with a 4-km spatial
resolution

Ostro et al. (2015)

Uncertainty
regarding
biological
plausibility

Little evidence for long-term UFP
exposure and cardiovascular or
respiratory morbidity

Section 5.6 and

Section 6.7

UFP = ultrafine particle.

“Based on aspects considered in judgments of causality and weight of evidence in causal framework in Table | and Table Il of the

Preamble.

*Describes the key evidence and references contributing most heavily to the causality determination and, where applicable, to
uncertainties or inconsistencies. References to earlier sections indicate where the full body of evidence is described.

*Describes the UFP concentrations with which the evidence is substantiated.
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CHAPTER 12 POPULATIONS AND LIFESTAGES
POTENTIALLY AT INCREASED
RISK OF A PARTICULATE
MATTER-RELATED HEALTH
EFFECT

Summary of Populations and Lifestages Potentially ar Increased Risk of a Particulate Matter-
Related Health Effect

‘The preceding health effects chapters in this ISA characterized a large body of evidence
examining PM s-related health effects and demonstrate that there 1s strong evidence for a range of
health effeets due to short- and long-term PM, = exposures that arc observed in both the general
population as well as specific populations (¢ g, people with a pre-existing disease) and lifestages
(1c . children and older adults). Thus, extensive evidence in the health effects chapters indicates
that both the general population as well as specific populations and lifestages are at rvisk for
PM, -related health effects.

More specific consideration is often given to specific lifestages and populations, such as children,
those with pre-existing discases. or certain sociodemographic charactenstic (e g low
sociocconomic status) to determine if these unique populations and lifestages might be at
increased risk of an air pollutant-related health effect relative to others in the population that do
not have that characteristic.

While preceding chapters focus on whether there is evidence broadly of PM. s—related health
effects. the objective of this chapter is to evaluate the extent to which the evidence indicates that a
population or lifestage 1s at disproportionately greater risk, using an cstablished framework to
assess the available evidence. Thus, this chapter is addressing the specific question: are specific
populations or lifestages at increased risk of a PM. related health effect compared to a
reference population?

In addressing this question. the evaluation builds on evidence from the 2009 PM ISA and takes
into consideration a broad range of recent evidence from epidemiologic, controlled human
exposure, and animal toxicological studies. in addition to information on differential exposure or
dosimetry. Conclusions are drawn based on an integrated evaluation of evidence in the context of
the framework

12.1 Introduction

The NAAQS are intended to protect public health with an adequate margin of safety, which

includes protection for the population as a whole and for those groups potentially at increased risk for

EPA, 2015b)]. There is interindividual variation in both physiological responses, as well as exposures to

ambient air pollution. A variety of terms have been used in the scientific literature to describe risk factors
and subsequently populations or lifestages that may be at increased risk of an air pollutant-related health
effect, including susceptible, vulnerable, sensitive, at risk, and response-modifying factor (Vinikoor-Imler
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et al.. 2014) [see Preamble to the ISA (U.S. EPA, 2015b)|. Acknowledging the inconsistency in

definitions for these terms across the scientific literature and the lack of a consensus on terminology in the

scientific community, “at-risk is the all-encompassing term used within this chapter for groups with
specific factors that increase the risk of an air pollutant (¢.g., PM)-related health effect in a population”,
as initially detailed in the 2013 Os ISA (U.S. EPA, 2013b). Therefore, while there is strong evidence for

health effects to occur in the exposed general population and in some specific populations or lifestages,

this chapter focuses on the evaluation and characterization of evidence informing if there are populations

or lifestages potentially at increased risk of a PM-related health effect with specific emphasis on studies

NoRie T B R T IS S O R

that compare responses to a reference population, where appropriate [see Preamble to the ISA (U.S. EPA,

—
<
N2
<
—
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—
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11 As discussed in the Preamble to the ISAs (U.S. EPA. 2015b), the risk of health effects from
12 exposure to an ambient air pollutant, including PM, may be modified as a result of intrinsic

13 (e.g., pre-existing disease, genetic factors) or extrinsic factors (e.g., sociodemographic or behavioral

14  factors), differences in internal dose (¢.g., due to variability in ventilation rates or exercise behaviors), or
15 differences in exposure to air pollutant concentrations (¢.g., more time spent in areas with higher ambient
16  concentrations). For the purposes of informing decisions on the NAAQS, the focus of this chapter is on
17 identifying those populations or lifestages at increased risk of a PM-related health effect. It is recognized
18  that, in many cases, subsets of the population are at increased risk of a PM-related health effect due to a
19  combination or co-occurrence of factors [e.g., residential location and socioeconomic status (SES)], but
20 evidence on the interaction among factors remains very limited. Thus, the following sections identify,

21 evaluate, and characterize the overall confidence that individual factors potentially result in increased risk
22 for PM-related health effects [sec Preamble to the ISAs (U.S. EPA, 2015b)].

23 The preceding chapters of this ISA focus on assessing whether exposure to PM of various size

24 fractions is causally related to health effects regardless of population or lifestage. It is the collective body
25  of evidence spanning populations and lifestages that ultimately forms the basis of the causality

26  determinations detailed within each of the health chapters. These chapters clearly conclude that there is a
27 large body of evidence that demonstrates health effects with PM, particularly PMa s, across populations
28  with diverse characteristics (¢.g., children, older adults, people with a pre-existing cardiovascular discase,
29 etc.). While the health chapters assess the degree to which there is evidence of a causal relationship

30 between PM exposure and health effects, this chapter is focusing solely on the question: Are there

31  specific populations and lifestages at increased risk of a PM-related health effect compared to a

32 reference population?

33 This analysis is one aspect to be considered in the latter evaluation of the extent to which the

34 NAAQS provide public health protection with an adequate margin of safety.
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12.2 Approach to Evaluating and Characterizing the Evidence
for Populations or Lifestages Potentially at Increased Risk

1 The systematic approach used to identify, evaluate, and characterize evidence for factors that may
2 increase the risk of a population or specific lifestage to an air pollutant-related health effect, including
3 PM, is described in more detail in the Preamble (U.S. EPA, 2015b). The evidence evaluated in this
4 chapter includes relevant studies discussed in Chapters 5-11 of this ISA relevant to the evaluation of
5  populations and lifestages potentially at increased risk of a PM-related health effect and builds on the
6  evidence presented in the 2009 PM ISA (U.S. EPA. 2009). The evaluation of the evidence focuses on
7 those health outcomes and size fractions of PM for which a “causal” or “likely fo be a causal”
8  relationship was concluded in Chapters 5-11 of this ISA with additional supporting evidence from studies
9  of health outcomes for which the causality determination is “suggestive” or “inadequate”. More
10 specifically, this chapter focuses on the health effects related to PM s based on the strength of the
11  evidence as described in the health chapters. In addition, focus is given to the endpoints (¢.g., mortality,
12 asthma exacerbation, lung development, etc.) that formed the basis of the conclusions. In addition, it is
13 important to recognize that the 2009 PM ISA (U.S. EPA. 2015b) focused broadly on the extent to which
14 evidence indicated that certain populations or lifestages were “susceptible™ to a PM-related health effect,
15 regardless of size fraction. As part of the 2013 O3 ISA (U.S. EPA. 2013a), a framework was developed to
16  systematically evaluate the collective body of evidence and inform whether a specific population or
17 lifestage is at increased risk for an air pollutant-related health effect compared to a reference population,
18 where applicable®. As such, it is important to note that the conclusions detailed within this ISA are more
19  nuanced than the dichotomous conclusions of whether a population or lifestage is susceptible for a
20 PM-related health effect as reflected in the 2009 PM ISA (U.S. EPA. 2009).
21 As described in the Preamble and the PM IRP and demonstrated in previous ISAs (U.S. EPA,

22 2017, 2016a, b, 20134, 2013a, b), evidence is integrated across scientific disciplines (i.e., epidemiology,

23 controlled human exposure, and animal toxicology) and health effects, and when available, with relevant
24 dosimetric information (Chapter 4) as well as exposure differences (Chapter 3) in the evaluation process.
25  Epidemiologic studies that include stratified analyses to compare populations or lifestages exposed to

26 similar PMs s concentrations within the same study design directly inform the question of disproportionate
28 2018). Other epidemiologic studies that do not stratify results but instead examine a specific population or
29 lifestage can provide further evidence of increased risk particularly when a health effect is only relevant

30 for a unique population or lifestage (e.g., lung function development in children). When evaluating results

82 In some cases, studies do not include a reference population for comparison because there are outcomes that are
only relevant to some specific populations and lifestages. For example, lang function development is only examined
in studics of children because this outcome cannot be measured in adults as lung development is already complete.
Another example is studies of asthma hospitalization or emergency department visits, where studies often examine
these events only for the population with asthma because those without asthma would not have an asthma
exacerbation.
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across epidemiologic studies, similar to the characterization of epidemiologic evidence in Chapters 5-11,
statistical significance is not the sole criterion by which effect modification and evidence of increased risk
is determined; emphasis is placed on patterns or trends in results across these epidemiologic studies.®
Experimental studies in human subjects or animal models that focus on factors, such as genetic
background or health status (e.g., pre-existing asthma), are also important lines of evidence to evaluate to
establish coherence of effects across disciplines. These studies can also inform the independent effects of
PM as well as biological plausibility of effects observed in epidemiologic studies. Additionally, dosimetry

studies can further inform biological plausibility by demonstrating whether the deposition of PM within

NoRie T B R T IS S O R

the body might vary in a particular population or lifestage. Differential exposure to PM in populations and
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lifestages is also considered when available, though these types of evidence tend to be sparser.

11 As stated, the objective of this chapter is to identify, evaluate, and characterize the extent to

12 which various factors may increase the risk of a PM-related health effect in a population or lifestage

13 compared to a reference population, where applicable, building on the conclusions drawn in previous

14  chapters in the ISA. More specifically, Table 12-1 presents the framework applied to the available

15 evidence in drawing conclusions on increased risk. The broad categories of factors evaluated include

16  pre-existing disease (Section 12.3), genetic background (Section 12.4), sociodemographic factors

17 (Section 12.5), and behavioral and other factors (see Section 12.6). Furthermore, factors that are

18  considered in this chapter are not predetermined, but are included based on the availability of evidence in
19 the scientific literature. The classifications of evidence are characterized in Table 12-1. A summary of the
20 characterization of the evidence for each factor considered within this chapter is presented in

21 Section 12.7.

22 It is important to note that while a broad range of evidence is evaluated, there are uncertainties

23 and limitations inherent in the approach used within this chapter to identify populations or lifestages

24 potentially at disproportionately increased risk of a PM-related health effect. First, publication bias, or the
25 tendency not to report quantitatively null results in epidemiologic studies 1s more frequent in stratified

26  results than main effects, and this can introduce uncertainty when evaluating increased risk or risk

27 modification in general. However, in the evaluation and characterization of the evidence within this

28  chapter, where the evidence is considered “adequate” to classify a group as being at increased risk (Table
29 12-1) even when considering the strengths and limitations, the collective body of evidence is strong

30 enough to outweigh this uncertainty. In addition, there is variability in the indicators or metrics used to

31  define the populations and/or lifestages that are examined, which can be an important limitation

32 (e.g., well-controlled vs. uncontrolled pre-existing disease, body mass index, indicators of socioeconomic
33 status, various age ranges). Another aspect to consider is variability within the populations or lifestages,
34 such as behavioral differences, biological differences (¢.g. obese vs. non-obese), and adherence to

35  treatment for pre-existing disease). These limitations and uncertainties can impact the extent to which the

8 As detailed in the Preface, risk estimates are for a 10 ug/my’® increase in 24-hour avg PM, 5 concentrations or a

5 ug/m’ increase in annual PM, s concentrations, unless otherwise noted.
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evidence can reliably indicate whether there 1s disproportionate risk in a population or lifestage compared

to a reference population and is considered where relevant.

Table 12-1 Characterization of evidence for factors potentially increasing the
risk for particulate matter-related health effects.

Classification Health Effects
Adequate There is substantial, consistent evidence within a discipline to conclude that a factor results in a
evidence population or lifestage being at increased risk of air pollutant-related health effect(s) relative to

some reference population or lifestage. Where applicable, this evidence includes coherence
across disciplines. Evidence includes multiple high-quality studies.

Suggestive The collective evidence suggests that a factor results in a population or lifestage being at

evidence increased risk of air pollutant-related health effect(s) relative to some reference population or
lifestage, but the evidence is limited due to some inconsistency within a discipline or, where
applicable, a lack of coherence across disciplines.

Inadequate The collective evidence is inadequate to determine whether a factor results in a population or

evidence lifestage being at increased risk of air pollutant-related health effect(s) relative to some reference
population or lifestage. The available studies are of insufficient quantity, quality, consistency,
and/or statistical power to permit a conclusion to be drawn.

Evidence of no There is substantial, consistent evidence within a discipline to conclude that a factor does not

effect result in a population or lifestage being at increased risk of air pollutant-related health effect(s)
relative to some reference population or lifestage. Where applicable, the evidence includes
coherence across disciplines. Evidence includes multiple high-quality studies.

12.3 Pre-Existing Diseases/Conditions

Individuals with pre-existing disease may be considered at greater risk of an air pollution-related
health effect than those without disease because they are likely in a compromised biclogical state that can
vary depending on the disease and severity. The 2009 PM ISA (U.S. EPA. 2009) concluded that those

with pre-existing cardiovascular (CV) and respiratory diseases are generally more susceptible to the

health effects associated with exposure to PM, but that evidence for diabetes and obesity was limited. Of

the recent epidemiologic studies evaluating effect measure modification by pre-existing disease or

existing respiratory disease (Section 12.3.5). Table 12-2 presents the prevalence of these diseases from
the National Health Interview Survey conducted by the Centers for Disease Control and Prevention’s
(CDC’s) National Center for Health Statistics (Blackwell and Villarroel, 2018), including the proportion

of adults with a current diagnosis categorized by age and geographic region. The large proportions of the

U.S. population affected by many chronic diseases, including various cardiovascular diseases, indicates
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the potential public health impact, and thus, the importance of characterizing if certain subpopulations

may be at increased risk for PM; s-related health effects.

Table 12-2 Prevalence of cardiovascular diseases, diabetes, obesity, and
respiratory diseases among adults by age and region in the U.S. in

2016.
Adults (18+) Age (%) Region (%)°
Chronic N {in North
Disease/Condition thousands) 18-44 45-64 65-74 75+ east Midwest South West
AlL(N, in 245142 113,401 83,703 28,532 19,507 44,851 54,359 87,402 58,531
thousands)

Selected cardiovascular diseases/conditions

All heart disease 28,064 3.8 12.2 22.6 36.5 10.2 11.8 11.0 94
Coronary heart 15,230 12 6.0 13.9 251 5.4 6.4 6.3 45
disease

Hypertension 66,443 92 34.4 55.7 59.1 235 26.0 27.0 21.9
Stroke 7,449 06 32 6.6 11.1 2.4 25 32 2.8

Metabolic disorders/conditions

Diabetes 23,104 2.8 12.5 23.0 19.4 8.5 9.3 9.3 7.9
Obesity (BMI 70,723 27.5 34.7 31.5 21.2 25.9 33.4 321 246
230 kg/m?)

Overweight (BMI 82,870 31.8 36.9 40.5 38.3 35.8 33.1 34.2 35.8

25-30 kg/m?)

Selected respiratory diseases

Asthmatic 20,383 8.1 9.2 8.3 6.0 9.4 9.0 7.3 8.3
COPD—chronic 8,940 2.0 5.0 53 4.9 3.1 37 4.0 26
bronchitis

COPD— 3,524 02 1.8 3.6 4.0 1.2 1.5 1.4 0.9
emphysema

BMI = body mass index; COPD = chronic obstructive pulmonary disease.

#Percentage of individual adults within each age group with disease, based on N (at the top of each age column).

®Percentage of individual adults (18+) within each geographic region with disease, based on N (at the top of each region column).
“Asthma prevalence is reported for “still has asthma.”

Source: Blackwell and Villarroel (2018); National Center for Health Statistics, Summary Health Statistics: National Health Interview
Survey, 2016.
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12.3.1 Cardiovascular Disease

Overview
Approximately 129 of adulis in the U S have a CV discase, and CV discasc is the leading causc
of death in the U 8. accounting for one in four deaths
A limited number of epidemiologic studies included in the current and previous ISAs have
conducted stratified analyses: while they do not clearly demonstrate increased nisk across all pre-
cxisting OV diseases. There i1s some evidence that those with hypertension are at increased risk for
PM. related health effects compared to those without hypertension, but there are inconsistencies.

Strong evidence demonstrates that there 1s a causal relationship between CV effects and short- and
long-term exposures to PM. . Some of the evidence is from studies of panels or cohorts with
pre-existing UV disease. which provide supporting evidence but do not directly inform an increase
in risk.

Overall, the evidence is suggestive that those with pre-existing C'V disease, particularly
hypertension, may be at increased risk for PM. s related health effects compared to those
without a pre-existing CV disease,

Cardiovascular disease is the primary cause of death in the U.S., and approximately 12% of adults
report a diagnosis of heart disease [ Table 12-2; (Blackwell and Villarroel, 2018)]. While evidence

demonstrates that a causal relationship exists between short- and long-term PM- s exposure and

cardiovascular effects based on recent evidence, building from studies evaluated in the 2009 PM ISA

(U.S. EPA. 2009), evidence addressing whether or not individuals with pre-existing cardiovascular

disease are at increased risk for PMs s-associated health effects compared to those without pre-existing
CV disease is complex. The evidence examining differential risk for PM, s-related health effects in
individuals with pre-existing cardiovascular disease in the 2009 PM ISA (U.S. EPA, 2009) was limited

and inconsistent, though studies from the recent literature provide some additional evidence that
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i
<

pre-existing cardiovascular disease may modify the risk of PM; s for cardiovascular outcomes.

11 As described in Chapter 6, both previous evidence from the 2009 PM ISA (U.S. EPA, 2009) and

12 recent evidence demonstrate that there is a causal relationship between short- and long-term PM; 5

13 exposure and cardiovascular effects. Both conclusions were informed by evidence for PM; s-related

14  mortality, and hospital admissions and emergency department visits for IHD associated with short-term
15 exposures to PMas. It is well-recognized that these serious population-level effects are preceded by

16 altered cardiovascular function, though there are no studies that examine differential risk for these serious
17 effects in individuals with and without underlying cardiovascular conditions or diseases. There is,

18  however, evidence from studies examining these serious health effects in only adults with pre-existing

19 cardiovascular disease that demonstrate that PM; s-associated CV effects are observed in this population
20 (Chapter 6). Thus, while this evidence does not inform if those with pre-existing CV disease are at

21  increased risk for a PM, s-related health effect compared to those without pre-existing CV disease, it does

22 indicate that these individuals are at-risk.
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Recent studies examining whether there is evidence of increased risk for PM» s-related health
effects in people with pre-existing cardiovascular disease have considered an array of specific
cardiovascular diseases/conditions (Supplemental Table S12-1) (U.S. EPA, 2018). As was the case for the
2009 PM ISA, hypertension is the most commonly examined cardiovascular disease in epidemiologic
studies that conducted stratified analyses. Puett ¢t al. (2009} and Goldberg et al. (2013) both reported

positive associations between long-term PM: 5 exposure and mortality in the Nurses' Health Study and

among older adults in Montreal, Canada, respectively. However, Puett et al. (2009) did not find
associations to differ consistently by hypertension status; only associations with fatal CHD, and not
mortality or first CHD, were increased for those with hypertension compared to those without. Other
studies examining PM; s-related ischemic stroke and incident diabetes also did not find evidence for

increased risk among those with hypertension with short-term exposures (Wellenius et al ., 2012a;

O Donnell et al., 2011) or long-term exposure (Hansen et al., 2016) (Chen et al., 2013). However, studics

examining effect modification for PM: s-associated changes in subclinical CVD outcomes (e.g., blood
pressure, inflammation, endothelial dysfunction) provide some evidence that effects in those with
hypertension are larger with PM, 5 exposure. Both Auchincloss et al. (2008) and Krishnan et al. (2012)

conducted analyses within the MESA cohort and observed positive associations for pulse pressure, BAD,

and FMD with long-term PM: s exposure; associations were larger for study participants with

hypertension, with the exception of BAD. Wellenius et al. (2013) also found 1n a study of
community-dwelling older adults in Boston that those with hypertension had greater PM» s-related
increases in flow velocity and cerebrovascular resistance, measures related to stroke and neurological
conditions, with long-term exposure. Interleukin-6 and C-reactive protein, markers of inflammation, were
also more strongly associated with long-term exposure to PM- s in those with hypertension compared to
those without (Hajat et al., 2013; Ostro et al.. 2014).

Bevond hypertension, recent studies have also evaluated whether there is evidence that people
with pre-existing coronary heart disease (CHD) are at increased risk of a PM-related health effect
compared to those without CHD. However, all studies are from a single panel of adults from the Heinz
Nixdorf Recall study. More specifically, participants in this panel ranged from 4575 years of age and
were from Ruhr arca, Germany. Hennig et al. (2014), Vichmann et al. (2015), Hoffmann et al. (2009a),

and Fuks et al. (2011) observed positive associations between 12-month PM; s exposures and CRP,

fibrinogen, and BP. When examining effect measure modification by CHD status, only Vichmann et al.
(2015) found larger effects in those with CHD compared to those without. Hertel et al. (2010) also

examined associations for CRP, and while positive associations across averaging times were observed,

effect measure modification by CHD was not clear results varied for 2-day up to 28-day averages of
PM; .

Studies examining effect modification by pre-existing CV diseases other than hypertension or
CHD are sparse and vary across outcomes making it difficult to draw conclusions. In addition to the
differences across studies in the outcomes and populations examined, results across these studies are
inconsistent and do not suggest that individuals with pre-existing CV disease, at a broad level, are at
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1 increased risk for health effects related to short- or long-term exposures to PM-s. However, there is some

evidence that those with hypertension, specifically, may be at increased risk compared to those without

(95

hypertension.

Evidence from controlled human exposure and animal toxicological studies evaluating whether or
no pre-existing CV disease increases risk for PM; s-associated health effects is limited. A single CHE
study from the recent literature is available that examined whether use of a respiratory filter could

attenuate the cardiovascular effects of acute diesel exhaust (DE) exposure in patients with heart failure

(HF) or healthy individuals (Vigira et al., 2016). BP was not significantly changed with DE exposure

o8 1 N i e

compared to air controls. When the FILTER-HF patients and healthy controls exercised for 6 minutes, BP
10 increased with exercise in both groups but there were no statistically significant differences with DE

11 exposure with or without filtration and results were similar in those with and without HF. No differences
12 in HRV, HR, endothelial dysfunction, or arterial stiffness were observed for those with or without HF. In
13 addition, the 2009 PM ISA(U.S. EPA. 2009) characterized evidence from studies that evaluated

14  pulmonary outcomes in spontancously hypertensive rats. These studies found some evidence for

15 pulmonary inflammation following 4-hour to 3-day exposures to CAPs from RTP, NC; various sites in

16 the Netherlands; a high-traffic area in Taiwan, and Detroit (Rohr et al., 2010; Campen et al., 2006; Cassee

17 etal., 2005; Kodavanti et al., 2003; Lei et al.. 2004) but lack of a comparison to a normotensive strain

18  limits the utility of these studies in informing differential effects for pre-existing CV disease.

19 Taken together, the collective evidence is suggestive that individuals with pre-existing CV
20 disease are at increased risk for PM; s-associated health effects compared to those without pre-

21  existing CV disease. The evidence from epidemiologic studies conducting stratified analyses, controlled
22 human exposure, and animal toxicological studies is not clear in describing increased risk across all

23 pre-existing CV disease. but evidence for those with hypertension demonstrates a potential for increased
24 risk. In addition, there is strong evidence described in Chapter 6 supporting a causal relationship between
25 shortterm PM: s exposure and CV effects, based primarily on evidence for ischemic heart discase. As

26  noted, the pathophysiology underlying the serious CV outcomes associated with PM, s exposure is linked
27 to avariety of underlying CV conditions, though they may be asymptomatic and undiagnosed. This

28  uncertainty in disease diagnoses, and in addition, the variability in disease status complicate the

29  examination of increased risk in these populations.
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12.3.2 Pre-existing Diabetes and Metabolic Syndrome

Overview
Diabetes mellitus 1s an important component of metabolic syndrome. as well as a risk factor for
cardiovascular disease.
In the 2009 PM ISA. there was limited evidence comparing PM. .-associated health effects in
individuals with and without diabetes.

Recent stratified epidemiologic analyses of short- and long-term PM. s exposure do not
consisiently demonstrate increased risk among those with diabetes,

Overall, the evidence is inadequate to determine whether individuals with pre-existing
diabetes are at increased risk for PMs «-related health effects compared to individuals
without diabetes.

Diabetes mellitus is a group of diseases characterized by high blood glucose levels and affects an
estimated 30 million Americans, or 8.8% of the adult population, in 2016 (Blackwell and Villarroel

characterized by elevated fasting plasma glucose levels that is also a key risk factor for cardiovascular
disease and a component of metabolic syndrome (CDC, 2017). As described in Chapter 7 (Section 7.2.2)

metabolic syndrome components (i.¢., fasting blood glucose, high blood pressure, dyslipidemia, and

obesity) often co-occur and can contribute to atherosclerotic plaque progression causing damage to the
vascular system and potentially promoting cardiovascular disease and heart failure. Furthermore, studies
have demonstrated cardiovascular and metabolic effects in humans or animal models of diabetes as
characterized in Chapter 6 and 7. It is conceivable that biological effects in individuals with diabetes may
be further exacerbated by exposures to PMs 5. Thus, this section characterizes the evidence informing if
individuals with pre-existing metabolic disease, including diabetes, are at increased risk for PM; s-related
health effects compared to the individuals without metabolic disease or diabetes.

The 2009 PM ISA (U.S. EPA, 2009) concluded there was some evidence suggesting increased

PM-related health effects among those with diabetes; however, much of the evidence was inconsistent

across several studies of hospital admission and emergency department visits and short-term PMio
exposure, with only one study evaluating the effects of PM: 5 (Goldberg et al.. 2006). Controlled human

exposure and toxicological studies found limited evidence of differences in biomarkers by diabetes status,
though the 2009 PM ISA (U.S. EPA. 2009) noted that it was unclear how differences in biomarker
responses contribute to overall potential for cardiovascular risk in those with diabetes compared to those

without diabetes. Recent epidemiologic and toxicological studies have focused on differential

PM, s-related health effects for diabetes status and provide some evidence of increased risk, but there are
inconsistencies in results across studies of mortality and cardiovascular outcomes (Supplemental

Table $12-2) (U.S. EPA, 2018).
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Several studies examined whether diabetes status modified associations between mortality and
long-term PM: s exposure. There was little evidence that PM; s-associated mortality was modified by
diabetes status for long- or short-term PM; 5 exposure across studies. Several multistate or statewide U.S.
based studies of long-term PM. s exposure reported slight variations in associations, though estimates

al., 2016b; Pope et al., 2014; Puctt et al., 2009). One exception was a study of seven southeastern U.S.

states, where Wang et al. (2017) observed an increase in risk for mortality associated with long-term

PM: s exposure among Medicare patients who also had a history of diabetes hospital admission compared

e R o Y e P R S
=
o
%
o
[4)e]
(€]
=
&
=)
=
et
=
S
(@]
[¢]
S
[77]
(@]
—
=
Q
=
=
(o
o
Nel
[9)]
=
[¢]
@]
=
jang]
[T
o
=
o
[¢]
¢
B
3
S
w
oo’
8
o,
[¢]
=
[4)]
o
w
s
jon]
.
97}
=
=
g
l¢]
|3
=
=
2
—
=]
Le}
(o d

to those that did not. Furthermore, this modification persisted across simultaneous stratifications of sex
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and race combinations. Too few studies were available to compare if there were differences by mortality

[u—
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cause. Among studies of short-term PM; 5 exposure and mortality, only Goldberg et al. (2013} examined

Ju—
N

differential risk for PM- s-related mortality by diabetes status. This study demonstrated a slight increase in

[—
(98]

risk for nonaccidental mortality for cases with diabetes compared to all cases.

14 A number of studies also examined effect measure modification by diabetes status across an array
15 of cardiovascular outcomes and long-term PM» s exposure. Studies of incident hypertension and

16  self-reported heart disease found little evidence for differences between individuals with or without

17 diabetes (Hoffimann et al.. 2009b: Johnson and Parker, 2009). Chan et al. (2015) and Fuks et al. (2011)

18  observed larger PMa s-related decreases in blood pressure in those with diabetes; however, these

19 differences were modest and imprecise (i.e., wide 95% confidence intervals). In contrast, in a study of the
20 of'the Nurses” Health Study cohort by Hart et al. (2015) examining incident CVD among women positive
21  associations were observed for those with diabetes (HR: 1.44, 95% CI: 1.23, 1.68) compared to those

22 without diabetes (HR: 0.94, 95% CI: 0.86, 1.03). Additionally, in a multicity study, Chen et al. (2014)

23 observed a 41% increase in risk of incident hypertension among those with diabetes compared to those

24 without; however, effect estimates were imprecise.

25 Among evaluations of short-term PM; s exposure, some studies demonstrated higher risk of

26  cardiovascular effects among individuals with diabetes compared to those without diabetes; while other
27  studies did not observe changes in association based on diabetes status. Across studies, there is limited
28  evidence of differential risk for changes in blood pressure (Wellenius et al., 2012b), heart failure (Haley

29 gtal., 2009), or transmural infarctions (Rich et al ., 2010). One exception is a multicity study of ischemic
30 stroke hospital admissions as determined by registry data in Ontario, Canada, which reported a positive

31  association among those with diabetes, but observed little evidence of an association among those without
32 diabetes (O Donnell et al., 2011). Additionally, a panel study in Boston, MA observed little evidence of

33 changes in blood pressure for individuals with well-controlled diabetes compared to a positive change in

34 blood pressure among individuals with poorly controlled diabetes (Hoffmann et al , 2012), which

35  indicates the potential for severity and control of diabetes to be an important factor beyond the presence
36 orabsence of the discase.
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Several recent epidemiologic studies evaluated cardiovascular effects and measures of
inflammation related to atherosclerosis in individuals exposed to PM and found larger, though imprecise,
associations in participants with diabetes compared to those without. In a study of the MESA cohort,

Allen et al. (2009) observed positive associations between PM: s levels (2 year average) and elevated risk

for calcification among individuals with diabetes. Furthermore, in those diabetic individuals with some or
no calcification there was a positive change in the Agatston Score (a metric for coronary artery
calcification). In other studies of the MESA cohort, Roux et al. (2008) observed no differences in
associations between 20 vear PM> s averages and health measures of atherosclerosis by diabetes status.
Additionally, Roux et al. (2008) and Van Hee et al. (2011) did not observe effect measure modification

for PM; s-associated changes in QT-prolongation or ventricular conduction delay by diabetes status. In a
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German population-based cohort study (Heinz Nixdorf Recall study), Bauer et al. (2010) found a slightly
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weaker association between PMs s exposure and carotid intima-media thickness (CIMT) for those with
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diabetes compared to those without.

14 Other studies specifically evaluated effect measure modification of associations between
15 long- and short-term PMas s exposure and markers of inflammation and coagulation (¢.g., IL-6, CRP, and
16  fibrinogen) by diabetes status. Specifically, in a study of 6 U.S. cities, Ostro et al. (2014) found the

17 association between CRP and long-term PM: 5 exposure to be modified by diabetes, with particularly

18  large increases in CRP when comparing diabetes status among older adults. In contrast, Hoffmann et al.
19 (2009a) conducted stratified analyses of the German Heinz Nixdorf Recall Study and found no distinct
20 effect by diabetes status on PM associations with fibrinogen or CRP. In a study of short-term PM; 5

21 exposure using the same German population-based cohort, Hertel et al. (2010) observed no distinet effect
22 by diabetes status on the PM association with CRP.

23 Overall, evidence is inadequate to determine whether individuals with pre-existing diabetes
24 are at increased risk for PM, s-associated health effects compared to those without diabetes. A

25 number of recent studies provide inconsistent evidence for increased risk across a range of health effects
26  associated with exposure to PMas. Epidemiologic studies of diabetes predominantly evaluated

27  associations between mortality and cardiovascular outcomes and long-term PM 5 exposure. Several

28  studies reported elevated risk among those with diabetes; however, results were inconsistent within and
29  across health outcomes. One important limitation for many studies was the small proportion of

30 participants with diabetes, contributing to imprecise effect estimates (1.¢., wide 95% confidence intervals).

31  Additionally, as observed by Hoffmann et al. (2012), there may differences in response to PM exposure

32 between those with well-controlled versus poorly controlled diabetes; however, few studies include this
33 level of detail. Interpretation of the evidence is further complicated by the lack of information on

34  individuals with prediabetes, which may exhibit similar underlying metabolic characteristics as those with
35  diabetes. Relying solely on a clinical diagnosis may underestimate the population at increased risk and

36  potentially introduce bias by similarly grouping those in a healthy metabolic state with those in a

37  prediabetic metabolic state.
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12.3.3  Obesity

Overview
Obesity affects nearly a third of adults in the U5 and is associated with low-orade inflammation
that potentially interact with PM-related mflammation.
Evidence indicates the potential for dosimetric differences for PM- - among adults and children by
obesity status.
Evidence from recent stratified epidemiologic analyses of long-term PM. s exposure and mortality

sugoest increased risk for those who are obese compared to those who are not; evidence for other
outcomes is inconsistent.

Variability in the definition of obesity limits comparability between studies and the ability to
distinguish risk between those who are overweight and obese

Overall, the evidence is suggestive of increased risk for PM . :-related health effects among
those who are obese compared to those who are not.

In the U.S ., obesity is defined as a BMI of 30 kg/m? or greater, with a BMI between 25 and
30 kg/m? indicating an overweight individual. It is a public health issue of growing importance as obesity
rates in adults have continually increased over several decades in the U.S , reaching an estimated 30% in
2016 (Blackwell and Villarroel, 2018). Furthermore, 36% of adults in the U.S. are considered overweight
while 34% are at a healthy weight (BMI 18.5-25 kg/m?) (Blackwell and Villarroel, 2018). Obesity or
high BMI could potentially increase the risk of PM related health effects through multiple mechanisms.

For example, persistent low grade inflammation associated with obesity or excess nutrients and energy
(CN and AR, 2011; Gregor and Hotamishigil, 2011; Lumeng and Saltiel, 201 1) may work in conjunction

with PM related inflammation that is thought to facilitate atherosclerotic plaque progression

(Section 6.3 .1, Figure 6-11). Obesity is closely related to diabetes, and is one component of metabolic
syndrome, where co-occurring factors may also be associated with PM exposure (Section 7.2.1, Figure 7-
2) and further facilitate cardiovascular risk (Section 6.3.1). Nutritional access and poor diet

those who are obese may experience greater particle deposition in the lung as there is evidence of
increased ventilation rates for overweight or obese adults and children, as well as a lower nasal breathing
fraction and increase deposition fraction among obese children (Section 4.1.3, Section 4.2.4 4).

The 2009 PM ISA evaluated several studies that reported differences in subclinical cardiovascular
and inflammatory markers between obese and nonobese participants in association with short-term
exposure to PM, s(Dubowsky et al ., 2006; Schwartz et al., 2005; Bennett and Zeman, 2004). A number of

recent studies examining effect measure modification PM, s-related health effects by obesity statues are

available and have reported some evidence of increased risk for mortality among obese individuals;
however, evidence in studies across the range of effects examined including cardiovascular disease,
incident diabetes, reproductive, and development outcomes do not consistently indicate differential risk
by obesity status (Supplemental Table S12-3) (U.S. EPA, 2018).
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Several studies examined effect measure modification of associations between mortality and
long-term PM. s exposure by obesity status. Overall, there was a trend across studies of increased risk
among those who were overweight or obese compared to those of normal weight, though there are some
exceptions to this trend across studies, and effect estimates are imprecise (i.e., wide 95% confidence
intervals). A number of multicity studies in the U.S., Canada, and Europe reported increased risk for
mortality among those who were obese (Villeneuve et al.. 2015; Beelen ¢t al.. 2014a; Beelen et al.
2014b; Weichenthal et al , 2014; Puett et al., 2009). However, Turner et al. (2011) reported decreasing

risk as BMI increased, including a 14% decrease in risk for those overweight compared to normal BMIs

and a negative association among obese individuals. Furthermore, it is possible there is some variation by

underlying cause of mortality. For example, Pinault et al, (2016} observed marginal decreases in risk for

all-cause and cardiovascular mortality among those who were obese, though they reported a 35% increase
in risk for respiratory mortality among obese participants. In contrast to these results, a pooled analysis of
European cohorts observed that as BMI increased the association between PM s and respiratory mortality
declined, while the opposite was true for all-cause and cardiovascular mortality (Beelen et al., 2014a;
Beelen et al.. 2014b:; Dimakopoulou et al.. 2014).

Studies have also examined a differential risk for a variety of cardiovascular effects by obesity
status. In general, studies found little evidence for differences between obese and nonobese individuals,
and when changes in association were present, they tended to be modest and imprecise. For example, a
registry study of long-term PMa 5 exposure and incident hypertension in Ontario, Canada (Chen et al.,
nonobese participants (HR: 1.17, 95% CI: 1.04, 1.33). Likewise, an examination of the Nurses” Health
Study reported an increased risk in incident cardiovascular discase for obese participants (HR: 1.12, 95%
CIL: 0.99, 1.30) compared to nonobese participants (HR: 0.99, 95% CI: 0.88, 1.12) (Hart et al., 2015). A
number of studies also examined changes in blood pressure with both long-term (Chan et al., 2015; Fuks
gt al., 2011) and short-term (Hoffmann et al., 2012; Wellenius ¢t al., 2012b) exposures to PM, s and

observed no consistent pattern by obesity status for changes in blood pressure. Other studies examined

outcomes such as prevalence of heart disease (Johnson and Parker, 2009) or measures of atherosclerosis

(Hoffimann et al., 2009b) and did not observe an increase in risk among those who were obese compared
to those with healthy weight.

Several of the studies that examined cardiovascular endpoints related to atherosclerosis and
modification by diabetes status, as previously described (Section 12.3 2), also examined potential
modification by obesity and observed limited evidence of increased risk among obese participants
compared to those or healthy weight. In a study of the MESA cohort, Allen et al. (2009) identified
positive PM- s associations with elevated risk for calcification among obese individuals compared to those

of normal weight. Furthermore, in those obese individuals with some or no calcification a positive change
in the Agatston score (measure of coronary artery calcification) was observed. A similar study of the
MESA cohort estimated the effect of 20 year PM, 5 averages on atherosclerosis health measures and
found no differences in association by BMI category (Roux et al., 2008). In a German population-based
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1 cohort study (Heinz Nixdorf Recall study) Bauer et al. (2010) found a slightly stronger association

between PM, s exposure and carotid intima-media thickness (CIMT) for obese participants compared to

(95

those of normal weight.

Other studies specifically evaluated effect modification by obesity status on associations between
markers of inflammation and coagulation, including 1L.-6, CRP, and fibrinogen. Hoffmann ¢t al. (2009a)
and Hertel et al. {2010) conducted analyses from German Heinz Nixdorf Recall Study cohort and found
no distinct effect by obesity status on PM, 5 associations with fibrinogen or CRP. A Study of Women’s
Health Across the Nation (SWAN), demonstrated increased CRP for middle aged obese women, though

estimates had wide confidence intervals (Ostro et al.. 2014).

o8 1 N i e

10 A limited number of studies investigated effect measure modification by obesity for associations
11 between PMs s and other health endpoints, such as incident diabetes and reproductive outcomes. Among
12 studies of incident diabetes, results were inconsistent. A study in Ontario, Canada reported decreased risk
13 of developing diabetes among the overweight and obese (Chen et al.. 2013), while multicity studies in

14  Denmark (Hansen et al.. 2016) and Germany (Weinmayr et al . 2015) reported increased risk among the

15 obese compared to healthy weight. Among studics of reproductive outcomes, insufficient studies were
16  available to report any trends for a specific outcome; however, there was little evidence of modification
17 by obesity status in studies of endometriosis (Mahalingaiah et al., 2014), and gestational diabetes

18  (Robledo et al., 2013). Conversely, in a small study of preeclampsia among predominantly Hispanic

19  women in Los Angeles, Mobasher ¢t al. (2013) reported higher risks among nonobese women based on
20 PMa s exposures in the first trimester compared to obese women.

21 Overall, the available evidence is suggestive of increased risk among those who are obese
22 compared to those who are not obese for PM: s-associated health effects. There is a relatively

23 consistent evidence across a small evidence base demonstrating increased risk of PM. s-associated

24 mortality among those who are obese or overweight compared to those of healthy weight. Results from
25  other outcomes were less consistent, although some studies observed increased risk in markers of

26 atherosclerosis as well as incident diabetes. An important limitation across studies was the variability in
27  categorizing obesity, with thresholds defining obesity ranging from a BMI of 27 to 30.6 kg/m?.

28  Furthermore, many studics did not distinguish between being overweight or obese and included

29 overweight individuals either with obese individuals or with healthy weight individuals.
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12.3.4 Elevated Cholesterol

Overview
Elevated cholesterol is a common chronic condition in the U.S adult population and is an
important risk factor for other serious health conditions associated with PM- : exposure, such as
cardiovascular disease and diabetes,
The 2009 PM ISA did not evaluate cholesterol status. but some recent studies have examined
differences PM- s-associated health cffects in the context of lipid disorders. This limited
epidemiologic evidence provides evidence of increased risk with short- and long-term PM. -

exposure for those with elevated cholesterol compared to normal cholesterol.

Additional epidemiologic studies stratifving by cholesterol medication (i.¢ . statins) usage provide
limited evidence of increased risk of cardiovascular discase among statin users compared to those
not taking statins.

Overall, the evidence is inadequate to determine if adults with elevated cholesterol are at
inereased risk for PM:s-related health effects.

Elevated blood cholesterol is a common chronic health condition in the U.S., with the prevalence
of hypercholesterolemia in the U.S. adult population approximately 26.0%, as reported by the 1999-2006

National Health and Nutrition Examination Surveys (Fryar et al., 2010). Metabolic disruption, such as

dyslipidemia, can increase the risk of other health conditions, such as cardiovascular disease and diabetes.
Additionally, as examined in Chapter 6 and Chapter 7, there is some evidence that short-term

(Section 6.3.5, Section 7.1.3.3) and long-term (Section 6.3.12, Section 7.2.5.5) PM, s exposures are
associated with changes in blood lipids. While elevated blood cholesterol is an important health risk
factor, few studies have explicitly investigated if blood cholesterol status increases the risk of other health

outcomes associated with PM, s exposure.

The PM 2009 ISA (U.5, EPA, 2009) did not evaluate studies examining potential differences in
populations based on cholesterol. A limited number of epidemiologic studies have investigated

differences between populations with and without high cholesterol, or by statin usage, and observed some
evidence of higher risk for PM s related mortality and cardiovascular outcomes (Supplemental
Table S12-4) (U.S. EPA, 2018). While these studies indicate those with elevated cholesterol, or those

who use statins, may have potentially higher risks, overall, there were insufficient studies available to

determine if cholesterol status consistently modifies health outcomes associated with PM; 5 exposure.

In a study of 13 northeastern U.S. states, using data from the NHS cohort, Puett et al. (2009)

evaluated the potential for effect measure modification by hypercholesterolemia status with PM» s

exposure over the 12-months prior to all-cause mortality, or a fatal coronary heart disease (CHD) event.
In stratified analyses, the authors observed increased risk among those with hypercholesterolemia (HR:
1.53,95% CI: 1.15-2.03) compared to those without hypercholesterolemia (HR: 1.04, 95% CI:
0.77-1.40). Puett et al. (2009) observed a similar trend among a smaller subset of fatal CHD cases. A
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1 small study of myocardial infarction hospital admissions in Rochester, NY also observed a larger positive

[\

association among patients with history of dyslipidemia (Gardner et al., 2014).

In addition to studies with information on direct measures of blood cholesterol or patient history
of dyslipidemia, several studies stratified study populations by use of statins or lipid-lowering medication.

Long-term exposure studies in the U.S. and Germany (Baueretal., 2010; Allen et al.. 2009), as well as a

meta-analysis of randomized controlled trials in Los Angeles (Kinzli et al . 2010) observed increased risk

of atherosclerosis associated with PM s exposure among those using statins compared to those not using
statins. Studies of other health measures and long-term PM: 5 exposure, such as history of peripheral

o8 1 N i e W

vascular disease (Hoffmann et al., 2009b), and platelet counts (Viehmann et al., 2013) also observed

10 increased risk among individuals using statins. A U.S. based study, using data from the MESA cohort, did
11 not observe any substantial changes in PM. s-related flow-mediated dilation; however, they observed a

12 positive association in baseline arterial diameter among those using statins compared to no change for

13 those not using statins (Krishnan et al., 2012). Conversely, studies of short- and long-term exposure that

14  investigated systemic inflammation found decreased responses for biomarkers of systemic inflammation
15 among those using statins (Vichmann et al.. 2015; Ostro et al.. 2014; Hertel ¢t al., 2010); however, many

16  statins have anti-inflammatory properties complicating interpretation of these results.

17 Overall, the limited evidence is inadequate to determine if elevated cholesterol increases

18  risk for PM,s-related health effects compared to cholesterol in the normal range. A single long-term
19  exposure study reported elevated risk among those with hypercholesterolemia for PM; s-related mortality,
20 while a single short-term study reported clevated risk of ST-Elevation Myocardial Infarction. Several

21  studies examining biomarkers or preclinical measures of atherosclerosis and vascular function provide

22 some evidence of elevated cardiovascular disease risk among statin users; however, the evidence base is
23 small. Other studies examined if statin usage modified PM; s-related systemic inflammation; however,

24 many statins have known anti-inflammatory properties, making these studies less informative in

25 determining whether those with elevated cholesterol exhibited differential subclinical responses due to

26  PMas exposure. Further limitations among studies of statins include the relatively low proportion of

27 participants who used statins, leading to less precise estimates (i.¢., wide 95% confidence intervals), as
28  well as the difficulty in interpreting how representative statin prescription information is for control of

29 blood lipid disorders among populations using statins.
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12.3.5 Pre-existing Respiratory Disease

Overview

The most common chronic respiratory discases in the U S are asthma and COPD. Asthma
affects a substantial fraction of the U.S. population, and it is the leading chronic discase among
children. COPD primarily affects older adults and contributes to compromised respiratory
function and underlying pulmonary inflammation,

There 1s strong cvidence indicating PMs s-associated respiratory cffects among those with
asthma, which forms the primary evidence base for the likely to be causal relationship between
short-term exposures to PM; . and respiratory health effects (Chapter 5).

Few studies are available from the recent literature or in the 2009 PM ISA that inform whether

those with asthma are at disproportionate risk for PM, . related health effects compared to those
without asthma.

While there is some evidence of PN -related health effects in individuals with COPD . there arc
fow studies from the current and previous ISAs with stratified analyses to compare effects in
individuals with and without COPD

Overall, there is suggestive evidence that individuals with respiratory disease, particularly
asthma, may be at increased risk for PM, «-related health effects compared to those
without respiratory disease.

Asthma

Approximately 8.3% of adults and 8.4% of children (age <18 years) in the U.S. currently have
asthma (Blackwell and Villarroel, 2018), and it 1s the leading chronic illness affecting children. With

regard to consideration of those with asthma potentially being at increased risk for a PM s-related health
effect, it is important to note that individuals with asthma, and children, tend to have a higher degree of
oronasal breathing, which can result in greater penetration of PM into the lower respiratory tract
(Section 4.1.3). Furthermore, there is limited evidence demonstrating that individuals with asthma may

The 2009 PM ISA concluded that individuals with asthma may be more susceptible to health
effects related to PM based on a limited number of epidemiologic studies for respiratory effects and
controlled human exposure and animal toxicological studies demonstrating biological plausibility for
asthma exacerbation with exposures to PMs 5. Consistent with this, recent evidence evaluated in this ISA
supports that there is likely to be a causal relationship between short-term exposure to PMs s and
respiratory effects, based primarily on evidence for asthma exacerbation in epidemiologic studies
(Section 5.1.2) with supporting evidence across disciplines that provides biological plausibility
(Section 5.1.1). Given this evidence, it is clear that individuals with asthma experience PM, s-related
respiratory effects; however, evidence informing an increase in risk compared to those without asthma is

limited.
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There continue to be few studies that provide comparisons between individuals with and without
asthma (Supplemental Table §12-5) (U.S. EPA, 2018). The 2009 PM ISA (U.S. EPA, 2009) included
only a handful of epidemiologic and controlled human exposure studies examining PM» s or CAPs

exposures that provided some evidence for increased risk. Recent evidence is also limited to a few
epidemiologic studies with stratified analyses for asthma for a variety of disparate outcomes. Of these

studics, Watanabe et al. (2015) and Prieto-Parra et al. (2017) are most informative as they examined

respiratory outcomes (i.€., lung function and symptoms) in children with and without asthma. Both
studies demonstrated positive associations with short-term exposures to PM: s for those without asthma,
but symptoms and lung function decrements were of greater magnitude in children with asthma.

Other studies examined nonrespiratory outcomes. A study measuring cytokine responsiveness in
blood samples collected from children with and without asthma in Germany demonstrated PM; s-related
proinflammatory responses in children with asthma that were not observed in children without asthma for
short-term exposures. In a multicity U.S. study in adults, PM- s associated lung cancer mortality was
greater in those with asthma compared to those without provide some evidence for increased risk in those

with asthma compared to those without (Klimper et al., 2015; Tumer et al., 2011). Bunch et al. (2011)

conducted a study in Utah of hospital admissions with a primary diagnosis of atrial fibrillation and
observed generally positive associations with PM; s in those with and without asthma. In a study of

diabetes incidence in Ontario, Canada, Chen ¢t al. (2013) observed individuals with asthma to be at

slightly decreased risk for diabetes with long-term exposures to PMa s compared to those without.

Chronic Obstructive Pulmonary Disease (COPD)

Chronic lower respiratory disease, including COPD, was ranked as the third leading cause of
death in the U.S. in 2011 (Hovert and Xu. 2012). COPD comprises chronic bronchitis and emphysema

COPD have compromised respiratory function and underlying systemic inflammation, it is plausible that
they could be at increased risk for an array of PMs s-related health effects. Furthermore, there was some
evidence to suggest differences in dosimetry, including greater deposition and impaired mucociliary
clearance, that is also described in this ISA (Sections 4.2.4.7 and 4.3 4).

The 2009 PM ISA (U.S. EPA. 2009) described inconsistent results across a small evidence base
examining differential PM; s-related respiratory effects in individuals with COPD and those without. In

the current review, there continues to be limited evidence examining differential risk by COPD status and
most of the available studies have focused on cardiovascular outcomes (Supplemental Table S12-5) (U.S.
EPA, 2018). Wang etal. (2017) and Turner et al. (2011) observed greater risk for mortality associated

with long-term exposures to PM; 5 for those with COPD in a multicity study in the U.S. However, studies

for cardiovascular hospitalizations (i.¢., atrial fibrillation, myocardial infarction, acute coronary
syndrome, and heart failure), incident hypertension, and diabetes incidence did not consistently
demonstrate that those with COPD are at greater risk than those without in studies of short- and long-term
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